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FOREWORD

This technical report presents the results of an Advanced Space Engine Study. The study was conducted by
the Pratt & Whitney Government Engines & Space Propulsion Division of the United Technologies Corporation
for the National Aeronautics and Space Administration, Lewis Rescarch Center, under Contract NAS3-23858,
Task Order D4

The study was initiated in November 1988 and completed in January 1990. Mr. Paul Richter was the
NASA Task Order Manager. The effort at P&W was carried out under Mr. James R. Brown, Program Manager,
and Mr. Arthur I. Masters, Engineering Manager. Other individuals providing significant contributions in the
preparation of the report were Donald E. Galler, Todd F. Denman, and Ricky A. Schied — System Performance
Analysis; James R. Black and Aaron R. Fierstein — Heat Transter; Gale 1. Clark — Pump Design; and Bruce
R. Branstrom — Turbine Design.
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SECTION |
INTRODUCTION AND SUMMARY

INTRODUCTION

NASA mission studies have identified the future need for a new Space Transfer Vehicle (STV) Propulsion
System. The new system is to be an oxygen/hydrogen expander cycle engine of 7,500 to 50,000 lbs thrust or
more, and must achieve high performance via efficient combustion, high combustion pressure, and high arca
ratio exhaust nozzle expansion. The engine is likely to require wide versatility in terms of such characteristics
as throttleability, operation over a wide range of mixture ratios, autogenous pressurization, and in-flight engine
thermal conditioning and vehicle propellant settling. Firm engine requirements will include: long life, man-rating,
cost effective reusability, space basing, and fault-tolerant operation.

A design and analysis study was conducted to provide advanced engine descriptions and parametric data
for STVs. The study was based on an advanced oxygew/hydrogen engine in the 7,500 to 50,000 Ibf thrust
range. Emphasis was placed on defining requirements for high performance with engine systems capable of
achieving reliable and versatile operation in a space environment. Engine system requirements and goals are
listed in Table 1.

The study was divided into three technical tasks. In the first task several expander cycle variations were
compared from the standpoint of their applicability to a new space engine. Parametric performance, weight and
envelope data were then prepared for the selected cycles. Under the second task, the selected cycles were used
to investigate requirements for wide range throttling (20:1) and high mixure ratio (O/F = 12.0) operation. The
third task was to conduct reviews and coordinate performance of the work.

CYCLE COMPARISON STUDY

Four expander cycle variations were evaluated with respect to their applicability to an STV-type engine, i.c.,
the full- , or single- , expander cycle; the split-expander cycle; the dual-expander cycle; and the full-expander
cycle with a regenerator. The four cycles were compared on the basis of: (1) maximum achicvable chamber
pressure, which translates to engine performance, weight, and envelope, (2) system complexity, i.c., number of
components, severity of cycle condition, technology availability, and program risk (3) throttling capability, and
(4) high mixture ratio operation,

The comparison of maximum achievable chamber pressure was based on technology which was judged to
be readily available by the mid-1990s and included two thrust chamber cooling methods — copper chambers
with milled channel construction and tubular copper chambers. The results are shown in Figure 1 for the
tubular copper thrust chambers. Based on the assumption of equivalent technology, the full-expander cycle
with regeneration was found to have the highest chamber pressure capability. The maximum pressure with the
split-expander cycle was near that of the regenerator cycle at thrust levels above 25,000 Ibs, but dropped oft
at low thrust. The reduced capability was due to cooling limits, not available power. The dual-expander cycle
shows good chamber pressure capability at low thrust, but is the lowest of the four cycles over the range of this
study. Copper tubular thrust chambers were shown to provide a significant improvement in achievable chamber
pressure over milled channel chambers.

On the basis of system complexity, the full expander cycle has the fewest components, the least severe
design requirements, and is the most proven. The extra heat exchangers and oxidizer environment in the oxidizer
turbine make the dual-expander cycle clearly the most complex. The split-expander cycle and full-expander cycle
with regeneration were judged to be equal in complexity and slightly more complex than the full-expander cycle.

The primary difference in throttling and high mixture ratio operation between the four cycles is in the
ability to provide adequate thrust chamber cooling and acceptable turbine inlet temperatures over the range of



TABLE I. — ENGINE SYSTEM REQUIREMENTS AND GOALS

Propellants Liquid Hydrogen
Liquid Oxygen
Vacuum Thrust 7,500 1bf to 50,000 lbf (Study Range)

Vacuum Thrust Throttling Ratio 10:1

Vacuum Specific Impulse *

Engine Mixture Ratio 6.0 (design point at full thrust)

5.0 — 7.0 (operating range at full thrust)

Chamber Pressure

Drive Cycle Expander
Dimensional Envelope
Length (stowed/extended *
Diameter (maximum) *
Mass *
Nozzle Type Bell with not more than one
extendible/retractable section
Nozzle Expansion Ratio End of regen section to 1200 (Study Range)
Propellant Inlet Temperature
Hydrogen 378 R
Oxygen 162.7 R
Inlet Net Positive Suction Head
Hydrogen 15 ft-ibf/lbm at full thrust
Oxygen 2 ft-lbf/lbm at full thrust
Design Criteria Human Rated
Aeroassist Compatible
Space Based
Service Life Between Overhauls 500 Starts/20 Hours Operation (Goal)
Service Free Life 100 Starts/4 Hours Operation (Goal)

Maximum Single Run Duration  **

Maximum Time Between Firings
Minimum Time Between Firings
Maximum Storage Time in
Space
Gimbal Requirement
Pitch Angle =
Yaw Angle
Acceleration {Maximum}
Velocity (Maximum)
Start Cycle

EEd

&

&

*  Engine Parametric Study Results
**  Vehicle/Mission Study Resuits

conditions required. The split expander cycle was found to have a significant advantage over other cycles for
throttled and high mixture ratio operation.

On the basis of this comparison, the split expander and full expander cycle were selected as the cycles to
be used for preparation of the parametric data. These data are presented in Appendix A of this report. The
split expander cycle was selected as the baseline cycle for the throttling and high mixture ratio operation study.
Secondary consideration was given to throttling the full expander cycle with regeneration.

THROTTLING AND HIGH MIXTURE RATIO OPERATION

The basic requirements for wide range throttling and high mixture ratio operation are: (1) achievement of
high combustion efficiency over a wide thrust and mixture ratio range without excessive system pressure drop
and complexity, (2) the ability to adequately cool the thrust chamber over the wide range of conditions required,
(3) achievement of wide range control without undue control system complexity, and (4) pump flow stability
and avoidance of turbine flow separation at low flowrates.



A number of design features were identified for meeting these requircmients; they consisted of:

*  Dual-orifice injection to provide acceptable pressure drop and high combustion ctliciency over the wide
range of fuel and oxidizer flows required (Figure 2)

*  Use of the split-expander cycle to provide extra cooling capability for off-design operation
*  Novel control schemes to provide increased cooling capacity at off-design conditions
* Inducer-interstage struts and flow recirculation to provide off-design point pump stability

*  Use of the split-expander cycle to reduce the turbine flow variation trom full thrust to minimum thrust
and, thereby, inhibit turbine flow separation at low thrust.

2,000 — i
- Full Expander With Regenerator
~~~~.~. /_
§.~~
1,800 p— Rt TN
LTy Full-Expander
Maximum 1,600 |—
Chamber
Pressure — Split-Expander
psia 1,400 f—
\\ Dual-Expander
\\
1,200 }— S
S~
\\§
0 10,000 20,000 30,000 40,000 50,000 60,000

Engine Vacuum Thrust - |bs

Figure 1. Comparison of Achievable Chamber Pressure for Four Cvcles Using Tubular Copper Thrust Chambers
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SECTION il
DESIGN AND PARAMETRIC ANALYSIS

EXPANDER CYCLE COMPARISON

The high-performance, oxygen-hydrogen expander cycle engine has been selected by NASA as the bascline
propulsion system for the Space Transfer Vehicle (STV). As a part of this study, a comparison of four expander
cycle variations: the full-cxpander, split-expander, dual-cxpander, and full-expander with regencration was
conducted. Study resuits have provided advanced engine descriptions and parametric data for NASA's STV
contractors.

In preparing these data, a technology level consistent with the carly-to-mid 1990s was established as a
bascline and is described below. The attainment of a given chamber pressure in an expander cycle engine is
highly dependent upon this assumed technology level as well as the degree to which the cycle is optimized.
Definition of the technology level for any study is always subjective. Although some assumptions may be revised
as technology develops, moderate changes are not expected to compromise the validity of the cycle comparison.

Baseline Engine Parameters
( 1) Heat Transfer

* Milled channel copper chambers and tubular copper chambers

* Haynes 230 tubular nozzles for high material strength and high-temperature operation
*  Regenerative-cooling to an arca ratio of 210 to [ for the full- and split-expander

* Regenerative-cooling to an area ratio of 404 to I for the dual-expander

*  Maximum thrust chamber wall temperature of 1460°R.

( 2) Pumps

+  Fuel pump bearing bore diameter x speed (DN) of 3.0 x 10° rpm-mm
*  Maximum pump tip speed of 2100 ft/sec
»  Shrouded impellers,

( 3) Turbines

*  Back-to-back vaneless main turbines (except for dual-expander cycle)
*+  Maximum turbine tip speed of 2000 ft/sec
¢ Shrouded turbine blades.

Two thrust chamber cooling concepts were used in the baseline study: conventional milled channel copper
thrust chambers and tubular copper thrust chambers. The tubular chamber provides an estimated 18 percent heat
transfer chamber enhancement over the grooved chamber due to the increased hot wall surface area.

The pump bearing DN limit (product of diameter and speed in rpm-mm) was set at 3.0 million for the
hydrogen turbopump and 1.4 million for the oxygen turbopump. Based on Pratt & Whitney’s (P&W) demonstrated
capability in the Space Shuttle Main Engine Alternate Turbopump Design and XI.R-129 high-pressure engine,
current DN limits are 2.4 million for ball bearings and 2.7 million for roller bearings in hydrogen and 1.4 million
for bearings in oxygen. Previous P&W studics have indicated that 3.0 million DN for hydrogen is achicvable
with modest development. Although higher effective DNs are possible with hydrostatic bearings, higher speeds



complicate the pump design and drive the turbine toward partial admission (lower efticiency). The effect of
turbopump speed was cvaluated independently at 25,000-pounds thrust in the full-expander cycle.

Vaneless back-to-back, oxygen-hydrogen turbopumps are the bascline design for all cycles except the dual-
expander cycle. Back-to-back turbines must operate with a single turbine drive and could not be applied to the
dual-expander cycle. A discussion of cach of the engine cycles and some component evaluations, which were
also conducted, is contained in the following sections.

Turbopump Configurations

High turbopump efficiency is an important requirement for attaining high chamber pressure. One important
issue is partial-admission versus full-admission turbines. The RL10 expander cycle engine initially had a partial
admission turbine (approximately 120° admission), however, beginning with the RILI0A3-3, the RIL10 has used
a full-admission turbine with a total-to-static efficiency of over 80 percent. A parameter used in turbine design,
specific speed, illustrates the maximum obtainable efficiency and the optimum type of turbine. Figure 3 presents
a specific speed clficiency curve. The STV cycle requires a high specific speed and a 2-stage, full-admission
configuration to provide high turbine efficiencies.

Another issuc investigated was turbine contiguration.  Back-to-back, counter-rotating, oxygen-hydrogen
turbopumps were selected for the parametric study on the basis of their high turbine efficiency and compact
packaging. A schematic of the concept is shown in Configuration A of Figure 4. Such configurations are not
unique; they have been used for some time in gas turbine turbofan engines, but have not as yet been used in
rocket engine turbomachinery. The configuration climinates turbinc-to-turbine pressure drop and decreases the
intet and exit guide vane losses. The contiguration also provides a weight reduction by climinating one turbine
housing and inter-turbine ducting.

During independent component design studies conducted by P&W, analysis indicated possible rotor dynamic
instabilitics with some fuel pump configurations. Development of suitable damping techniques appears practical,
but an alternative approach is usc of a split rotor fuel pump driven by back-to-back turbines as shown in
Configuration B of Figure 4. This configuration provides much shorter fuel turbopump shaft length for improved
rotor dynamics at the expense of some of the weight and performance advantages of Configuration A.

Full-Expander Cycle

In the full-cxpander cycle, depicted in simplified form in Figure 5, fuel is pumped to a high pressure and
used to cool the chamber and nozzle assembly and drive the turbopumps. The gaseous fuel is then injected into
the main chamber to mix and burn with the liquid oxygen.

An advantage of any expander cycle engine is the relatively benign turbine environment compared to the
staged combustion or gas generator cycles. The expander cycle also has lower turbopump discharge pressure
requirements than the staged combustion cycle and higher performance than the gas generator. An expander
cycle engine is accepted as a simpler, safer, more reliable propulsion system, having fewer failure modes than
other cycles. The expander engine, of which the RLL10 is an example, is a flight-proven concept.

The full-expander cycle relies on heat transferred from the chamber and nozzle to provide the energy
required by the turbopumps. At low design thrust levels, the energy available in the cycle is sufficient to provide
high chamber pressure levels. However, as design thrust increases the maximum achievable chamber pressure
declines, as shown in Figure 6 for both copper tubes and milled channel copper chambers. Above an engine
design thrust of 35,000 pounds, full-expander cycle engine chamber pressures are limited to just under 1500
psia bascd on the assumed technology level.



Throttling the full-expander cycle through the desired 20 (o 1 range presents some difticull design challenges.
Using the entire fuel flow for cooling, as thrust levels decrease, the coolant exit temperatures increase. High
mixture ratio operation also presents a cooling problem for the full-expander cycle. The reduced fuel low at
the higher mixture ratios increases the chamber wall temperatures, reducing the chamber desien life. These
limitations can be partially offset by reducing combustor length, use of overcooling at the design point, or
bypassing part of the flow at the design point and using all of the low at off-design. However, these approaches
introduce additional system complexity and cycle losses.

Overall, the full-cxpander cycle meets STV propulsion system requirements, but cooling requircments for
throttling and high mixture ratio operation would cither limil operation in this regime, require cycle comprounnises,
or require added control provisions.

Split-Expander Cycle

In the split-expander cycle, shown schematically in Figure 7, a portion of the fuel bypasses the chamber
and nozzle coolant passages and most of the turbomachinery. The split-expander retains the advantages of
the full-expander discussed carlier and offers an additional benefit. With approximately hall” of the fucl flow
routed from the Ist-stage pump discharge directly to the injector, the turbopump horsepower requirements lor
the split-expander cycle in a typical STV cycle are decrcased by approximately 15 to 25 pereent.

The energy available in the split-expander cycle is the same as the tull-expander cycle tor a given thrust
and chamber pressure level. However, since the horsepower requirements of the turbopumps are less, the split-
expander cycle can achieve higher chamber pressure levels at the same technology level. As shown in Figure
&, the split-ecxpander cycle with a tubular copper chamber can achieve engine chamber pressures above [S00 psi
at engine thrust levels of 12,000 to over 50,000 pounds. The maximum chamber pressure is approximately 150
psi higher with tubular chambers than milled channel chambers.

At thrust levels below 25,000 pounds, the maximum chamber pressure with the split-expander begins to
drop. This decline is due to thrust chamber cooling requirements rather than cycle limitations, The decline could
be avoided by reducing the fraction of cooling jacket bypass flow, however, significant reduction in the design
point bypass flow would reduce the inherent advantages of the split-expander for off-design operation.

The ability to regulate chamber and nozzle coolant flow during engine throttling and high mixture ratio
operation is an important benefit of the split-expander cycle. Because of the reduced coolant flow at full thrust,
the coolant exit temperature of the split-expander is higher than the full-expander. As will be discussed later, the
coolant exit temperature of the full-expander cycle rises as the engine is throttled. By using the split-expander
Jacket bypass valve (JBV) to increase the percent of coolant low, the coolant exit temperature can be decreased
up to a point during throutling. At some fraction of rated power, 30 percent in the case studied, the IBV is
completely closed and the cycle operates like a full-expander. However, because the coolant passages for the
split-expander are designed tor a lower low at rated power, the combustor wall stabilizes at a lower temperature
during deep throttling, as shown in Figure 9. The full-expander curve shown in that figure is for a case thal
has not been optimized for cooling at throttled conditions. Tower temperatures can he obtained, but not without
some compromise to the design point or increase in control system complexity.

High mixture ratio operation is also enhanced with the split-expander cycle. Using the BV 1o increase
the percent of coolant flow, the split-expander cycle is able to operate at higher mixture ratio levels with a
lower combustor wall temperature. Figure 10 shows the cooler copper tube wall temperature attained with the
split-expander cycle compared to the full-expander cycle. The difference in wall temperatures at the design point
is because the data are for a throttled OO0 psia condition. For a thrust chamber that has been designed at an
O/F of 6.0, 1000 psia is the highest chamber pressure that can be achieved while limiting the maximum hot wall
temperature in the chamber to 1060°R (the blanching limit).



The full-expander cycle wall temperatures, which were shown in Figure 10, do not represent an optimized
cooling scheme for high mixture ratio operation. This optimization cannot be accomplished, however, without
significant cycle penaltics at normal operation. Low wall icmperatures are essential at high mixture ratio operation.
The maximum wall temperature range for prevention of copper oxidation is 1060 to 1260°R without coalings.
Use of coatings could reduce the wall temperature, but reliable coatings are not currently available and any
coaling will reduce the overall heat transfer and the available cycle power.

The split-cxpander cycle is an untested concept, but is based on fully understood fluid dynamic and
thermodynamic principles. The split-expander cycle offers an attractive alternative to the full-expander cycle,
meeting STV requirements over the desired thrust range, and greatly simplifying throttling and high mixture
ratio operation.

Dual-Expander Cycle

Another variation of the expander cycle is the dual-expander cycle shown in Figure 11. The dual-expander
cycle uses all the fuel flow to cool the chamber and drive the fuel wrbopump. Oxygen is vaporized in the nozzle
or an auxiliary heat exchanger and subsequently used to power the oxidizer turbopump. This cycle ofters several
advantages over both the full- and split-expander cycles. The oxygen turbopump does not require a special
interpropellant seal package between the pump and turbine sections. The availability of gascous oxygen at all
thrust levels, simplifics the task of maintaining combustion stability during throttling. Separate turbine drive
fluids simplify mixture ratio control, but add complexity to transicnt control.

For a given thrust and chamber pressure level, the energy available to the dual-expander cycle is the same
as both the full- and the split-expander cycles. The turbopump horsepower requirements and the fuel pressure
level are comparable (o the full-cxpander. Because oxygen is less efficient as a turbine working fluid, and there
is less flexibility in the split in turbine available energy, the dual-cxpander cycle is more pressure limited than
the other cycles. Figure 12 shows the maximum chamber pressure attainable with the dual-expander cycle for
both copper tubular and milled channel combustion chambers.

Above an engine thrust level of approximately 20,000 pounds, the dual-expander cycle cannot achieve
chamber pressures above 1200 psia without use of regenerators or internal heat exchangers to provide additional
energy to the cycle. While regeneration is possible, the achievable pressure would always be ower than with the
same enhancements in a full-expander cycle except at low thrust (below 7500 pounds). At low thrust, expander
cycles are limited by the hydrogen temperature out of the cooling jacket; allowing the oxygen to absorb a portion
of the energy increases the total energy available within the temperature limit.

Using liquid oxygen to cool the nozzle also provides a source of gascous oxygen to supply tank pressurant
and promote combustion stability during deep throttling, negating the need for a variable area injector or a
separate heat exchanger. However, experience has shown that achicving good mixing with gaseous fuel and
gaseous oxidizer over a wide range of conditions is difficult, and combustion efficiency may suffer at throttled
or high mixture ratio conditions.

Like the split-cxpander cycle, the dual-cxpander cycle is an untested concept. The dual-expander cycle
differences from the proven full-expander cycle also are based on understood fundamental fluid dynamics and
thermodynamics. Technology questions, such as turbine material characterization in gascous oxygen and control
during deep throttling and high mixture ratio operation, need o be addressed. Despite its pressure limits at
maoderate thrust and more complex operation compared to other expander cycles, the dual-expander remains a
candidate for the STV, but primarily at low design thrust levels.



Regenerators and Enhanced Heat Transfer

A higher chamber pressure at higher thrust levels can be achieved through use of a regencrator or enhanced
thrust chamber heat transter in the full-expander and dual-expander cycles. The split-expander cycle can also
benefit from enhanced heat transfer, but the lower chamber coolant flows do not provide adequate cooling when
greatly enhanced heat transfer is used below 50,000-pounds thrust. The function of a regenerator is (o increase
the available turbopump power by recovering heat downstream of the turbines and using it to preheat the fuel
before cooling the thrust chamber (Figure 13). Enhanced chamber heat transfer increases the available power 1o
the turbines and can be achieved by using tinned cooling tubes and ribbed chamber walls.

The upper limit chamber pressure for the full-expander cycle with regeneration is shown in Figure 14, The
enhancement of the full-expander cycle with the addition of a regenerator, provides a significant increase in
chamber pressure over the entire thrust range.

Cycle Selection

Figure 15 compares the four cycles studied on the basis of copper tubular thrust chamber construction. Figure
16 shows the same comparison using a milled channel copper chamber instead of tubular copper chambers. The
full-expander cycle with regeneration produces higher chamber pressure levels, but the higher coolant temperature
at the design point aggravates the already difficult job of cooling at throttled or high mixture ratio operation,
Enhanced chamber heat transter accomplishes the same results, but also raises the same conceerns, Bypassing the
regenerator at off-design conditions partially alleviates this problem.

On the basis of this comparison, the full-expander cycle with regeneration was judged o have the highest
chamber pressure capability over the range of thrust considered. The capabilitics of the split-expander cycle
and full-expander cycle without regeneration were only slightly lower over most of the thrust range. The split-
expander cycle was found to have unique advantages for throttled and off-design operation. The full-expander
cycle with regeneration and the split-expander cycle were therefore selected as the cycles for developing the
parametric data. The split-expander cycle was sclected as the baseline for the throttling and high mixture ratio
evaluation and the full-expander cycle with regeneration was given secondary consideration.

PARAMETRIC DATA

Engine parametric performance envelope and weight data were generated over the range of design point
parameters studied (Table 2). The data are presented in graphical form in Appendix A, All data are for an
oxidizer/tuel (O/F) ratio of 6.0.

TABLE 2. — ADVANCED ENGINE STUDY RANGE OF DESIGN POINT PARAMETERS
Vacuum Thrust 7500 to 50.000 Ibf
Chamber Pressure 1000 psia to cyele limit
Iixpansion Ratio Regenerative terminus to 1200

The upper limit chamber pressures presented in the “cycle selection” section ranged from 1040 to 1940 psia
for the various cycles and thrust levels investigated. These limits are not absolute, but rather are relative timits
based upon the assumed technology level chosen lor this study. Chamber pressures above 2000 psia appear
possible for most cycles at most thrust levels (refer to the “Higher Chamber Pressure Requirements™ section).
However, an upper limit of 2000 psia was sclected for developing the parametric data. The following paragraphs
describe the methodology used to produce the parametric data.
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Performance

In calculating the predicted impulse, an ideal impulse was calculated, and then efficiencies were applied
to the ideal impulse to account for various losses. These losses include energy release losses, kinetic losses,
divergence losses, and boundary-layer losses.

The ideal predicted impulse was calculated with the NASA one-dimensional chemical equilibrium computer
code (ODE) analysis using engine inlet fluid enthalpies. For this analysis, an adiabatic assumption was employed
with the control volume encompassing the engine. The propellants enter the control volume at the engine inlet
and cxit the control volume at the nozzie exit plane. The energy release losses are accounted for by applying a
combustion efficiency to the ideal impulse. For this study, a constant combustion efficiency of (0,992 was used
which is based on performance expected with tangential swirl injectors. The remaining losses are accounted for
by applying a nozzIe efficiency to the impulse that has been corrected for energy release losses. For this study,
a constant nozzle efticiency of 0.982 was used which is based on a maximum payload truncated bell nozzle.

A comparison was made between the method of performance prediction used in this study and experimental
data presented in Table 3 (ref. 1). To make a valid comparison between the predicted and measured performance
a few assumptions were made. First, the combustion efficiency (pC*) that was calculated from the experimental
results was used in calculating the predicted performance rather than the constant combustion efficiency that
was used in the study.

Second, typical cryogenic engine inlet propellant conditions were used to caleulate the ideal specific impulse
instead of using the measured injector inlet conditions (ref. 1). The sccond assumption was made so as
to maintain the validity of the adiabatic assumption that was used in this study. During the experimental
performance measurements, the propellants were not maintained at cryogenic conditions, but were heated 0
ambient temperature by the atmosphere.  Also, as the propellants were combusted and expanded, heat was
removed by the water jacket that surrounded the throat region and the heat retaining capacity of the metal. The
ambient heat addition to, and the water jacket heat removal from, the propellants tend o offset one another,
thus validating the adiabatic assumption.

As shown in Figure 17, the comparison shows best agreement around an O/F of 5.0 for the 1030 to | arca
ratio and best agreement around an O/F of 4.0 for the 428 to 1 arca ratio. The difference between the predicted
and experimental performance at the lower mixture ratios is probably due to the reduction in heat flux at tower
mixture ratios while the ambient heat addition remains constant.

The chamber pressure levels from the experimental cases are much lower than those investigated in this
study. The study (ref. 1) indicated that a laminar boundary layer assumption showed the best agreement with
the experimental data. However, subsequent studics by NASA Lewis (ref. 2) indicate that for higher chamber
pressure levels (360 to 2600 psia) a transitional boundary layer occurs. Although no performance data were
presented. the transitional boundary layer would probably be detrimental to performance.

The parametric analyses show that thrust level has no effect on vacuum specific impulse while chamber
pressure has very little effect, i.c., less than 1 second increase in going from a chamber pressure of 1000 psia
to 2000 psia (Figure 18). Arca ratio is the biggest driver of specific impulse. An arca ratio above 900 would
be required to achieve a 480 scec vacuum I, based on the current data.
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TABLE 3. — COMPARISON OF P&W PREDICTED PERFORMANCE (L)' WITH MEASURED
PERFORMANCE (Ign) FOR THE NASA LEWIS 1030 TO 1 AREA RATIO NOZZIE (REF 1)

Reading AR FVAC rc o L Lo Lpi/ L
112 1030. S44.4 360.0 3.84 450.1 4089 0.973
113 1030. 541.6 3569 4.36 4577 4604 0.994
14 1030. 552.3 3609 5.08 459.2 4519 1016
115 1030, 550.4 355.3 549 458.0 449.7 1.020
117 1030. 531.5 356.2 319 4518 4734 0.954
120 1030. 546.1 355.2 4.30 457.7 466.1 0.982
121 1030. 5529 360.0 411 457.7 173.6 0.966
123 1030. 5343 355.2 319 451.8 481.1 (VORD]
124 1030. 536.4 3ol 4 278 7.4 4813 0.929
125 1030. 541.0 3540 374 155.6 4778 (0.953
130 428. 5009 345.60 3.04 4467 462.3 0.960
137 428. 531.6 356.8 4.29 4533 452.6 1.002

Notes:

“)lspC was caleulated using one-dimensional equilibrium (with Engine Inlet Enthalpies). a
constant nozzle efficiency (0.982). and the experimentally determined 5¢*.

Engine Envelope

Engine overall lengths and exit diameters were calculated over the range of specified operating conditions.
The length of the engine is from the gimbal mount to the nozzle exit planc and consists of three separate lengths.
The first length is the distance from the engine gimbal mount to the injector face. This was estimated from
layouts of engines of comparable thrust. The length of the combustion chamber, the second fength, was held
constant at 15 inches. The remainder of the engine Iength is the distance from the throat (0 the nozzle exit
plane. A maximum payload bell nozzle contour was generated for the chamber pressures, thrust levels, and
nozzle expansion ratios of the parametric study. The engine diameter is the exit diameter of the nozzie and is
a function of the thrust level, chamber pressure, and expansion ratio.

Weight

Parametric engine weights were generated over the range of specified operating conditions.  Historical
thrust/weight data were used to estimate these weights with adjustments being made for size, cycle, material,
and technology differences. These adjustments included nozzle weights which were calculated as a function
of nozzle surface areas. The difference in weight between the split-cxpander cycle and the full-expander cycle
with a regenerator were accounted for by adding or removing components. Analysis of the results, eiven in
Appendix A, show a slight weight advantage for the split-expander cycle when compared to the Tutl-cxpander
cycle with regenerator,

Nozzle Contour Trade-off
The maximum payload bell nozzle contour, used throughout the parametric study, 18 a rather long nozzle
that is used to attain high specitic impulse. A sensitivity study was conducted to calculate the effect of nozzle

contour on the trade-off of length and weight with performance. Nozzle contours from a minimum length 1o a
maximum performance were examined for a chamber pressure of 1500 psia. The results are presented in Figures
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19 and 20 for the nozzle expansion ratio range of interest and show that going to a shorter nozzle can decrease
engine weight by up to 12 percent for a high arca ratio (1200 to 1) enginc while dropping performance only
approximately 1.0 second. However, for a relatively low area ratio (210 to 1) engine, performance decrease by
almost 3 seconds when a minimum length nozzle contour is used while engine weight drops by only 3.5 percent.

HIGHER CHAMBER PRESSURE REQUIREMENTS

The upper limit chamber pressures, discussed in the “cycle selection” section, were based on rather
conservative assumptions of mid-1990s technology. Selection of the technology level for the cycle comparison
was driven by these considerations:

« There appears to be little increase in specific impulse or system performance at chamber pressures
above 1000 to 1500 psia.

«  Not pushing the system design and associated technology levels to extreme limits provides margin for
system flexibility, thereby simplifying throttling and high mixture ratio operation.

« Not pushing system design and technology levels to extreme limits reduces development difficulty
(program risk) and helps ensurc a high level of reliability.

Higher pressures are possible and may, under some circumstances, be worth the additional complication.
A system sensitivity study was conducted to determine which of the cycle parameters in the original study
most significantly limited chamber pressure and to show how modifying these variables could extend chamber
pressure limits.

The cycle parameters used in the sensitivity study are listed in Table 4. As appropriate, the parameter
sensitivity was investigated for both the split-expander cycle and full-cxpander cycle with regeneration.

TABLE 4. — APPROACHES TO HIGHER CYCLE CHAMBER PRESSURE
Cycle Parameter Means of Achieving
Improvement Cycle Improvement
Higher Pump Efficiency Full-Expander With Regenerator Higher Pump Speed, Reduced Pump
Split-Expander Leakage
Higher Turbine Efficiency Full-Expander With Regenerator Higher Turbine Speed, Reduced Tip
Split-Expander Leakage
Higher Turbine Pressure Ratio Full-Expander With Regenerator Higher Pump Discharge Pressure
Split-Expander
Coolant Jacket Bypass Flow Split-Expander Increase Bypass Flow to Obtain
Higher Turbine Inlet Temperature
Regenerator Effectiveness Full-Expander With Regenerator Larger, More Effective Regenerator
Increased Thrust Chamber Heat Full-Expander With Regenerator Tubular Chamber,
Transfer Split-Expander Increased Thrust Chamber Length

The effect of pump efficiency on maximum achievable pressure is shown in Figures 21 and 22 for the (wo
cycles. For the split-expander cycle, an increase of 5 percent in fuel and oxidizer pump efficiency over the
bascline cycle pump cfficiencies (approximately 65 percent for the fuel pump and 75 percent for the oxidizer
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pump) produces an increase of 150 psi in chamber pressure if all other cycle variables are held constant. Fuel
pump efficiency improvements could be achieved by developing hydrostatic bearings 1o operate well above the
baseline cycle turbopump speed (125,000 rpm for the tuel pump) or by reducing internal pump leakage below
current state-of-the-art projections. For the full-expander cycle with regeneration, a 5 percent increase in pump
efticiency provides a 170 psi increase in chamber pressure.

Figures 23 and 24 show the effect of increases in turbine cfficiency on chamber pressure. A 5 percent increase
in fuel and oxidizer turbine efficiency over the baseline values of 80 to 85 percent produces an 85 psi chamber
pressure increase for the slit expander cycle and a 95 psi increase in the full-expander cycle with regeneration.

All of the cycle studies prepared under the study have been based on a turbine pressure ratio of 2.1, Pratt &
Whitney experience has shown that a pressure ratio of 2.1 produces a chamber pressure that is near, but slightly
below the maximum that can be achieved. However, higher turbine pressure ratios produce only slightly higher
chamber pressures at the expense of a very high head rise and discharge pressure requirement on the pump. This
trend is shown in Figures 25a and 25b. For the full-expander cycle with regeneration, increasing the turbine
pressure ratio to 2.4 increases chamber pressure by only 90 psi, while requiring an increase in pump discharge
pressure of 1000 psi. Similarly, for the split-expander cycle, where the maximum chamber pressure is achieved
at a turbine pressure ratio of 2.6 the chamber pressure is increased by only 120 psi over the reference vatue. Yet
the balanced cycle at the pressure ratio of 2.6 requires a large increase in fuel pump discharge pressure to 6600
psia compared to the reference pump discharge pressure of 5100 psia.

The split-expander cycle has a unique variable that can be optimized for maximum pressure, i.¢., the fraction
of the fuel that bypasses the cooling jacket and turbines. All of the unthrottled split expander cycles prepared
under this study have been based on 50 percent bypass flow. At low thrust (below approximately 20,000 pounds),
the optimum bypass flow for maximum chamber pressure is below SO percent; however, 50 percent was used
as a minimum in the split-expander cycle to provide flexibility for cooling with throttling or high mixture ratio
operation. As shown in Figure 26, increasing the jacket bypass flow at 25,000 pounds of thrust would produce a
small increase in maximum chamber pressure at the expense of a significant increase in turbine inlet temperature.

In the full-expander cycle with a regenerator, the regenerator heat transter effectiveness is a design variable
that affects available power. A relatively low effectiveness was used in the cycle comparison study because
of cooling limitation at low design point thrust and problems associated with throttling with the regenerator in
the cycle. At the 25,000-pound thrust level, a higher regenerator effectiveness is feasible and can provide a
significant increase in achicvable chamber pressure, as shown in Figure 27.

The effect of increased thrust chamber heat transfer was determined for both the split-expander cycle (Figure
28) and the full-expander cycle with regeneration (Figure 29). Chamber heat transfer enhancement with a tubular
chamber has been estimated to be 18 percent over a milled channel chamber due to the increased hot side
surface area. This is the value used in the cycle comparison study. The actual heat transfer enhancement with
tubular chambers could be significantly more than 18 percent. An additional 10 percent increase in the predicted
heat transfer (110 of 118 percent) could increase chamber pressure by 80 psia for the split-expander cycle and
by 60 psia for the full-expander cycle with regeneration. The chamber heat transfer can also be increased by
lengthening the thrust chamber.

The baseline length for the candidate cycle thrust chambers is 12.3 inches. Figures 30 and 31 show the
impact on chamber pressure of increasing this length to 16 inches for the split-expander cycle and the full-
expander cycle with regeneration, respectively. A 14.7 inch chamber length raises the achievable chamber
pressure by 95 psia for the split-cxpander cycle engine. Above that length, however, the coolant pressure loss
increase, associated with the enhanced heat transfer, exceeds its benefits and results in a lower attainable chamber
pressure. The full-expander cycle with regeneration experiences an increase in chamber pressure of 54 psia for
the same 14.7 inch long chamber.



Based on the above results of this sensitivity study, an extended chamber pressure limit design was generated
for each cycle. Moderate levels of improvement were selected for each parameter to stay with optimistic, but
not unrealistic, state-of-the-art technology for the mid-1990s. Table 5 lists the chosen improved cycle parameter
values. Tables 6 and 7 present the higher chamber pressure cycle data for the split-expander and the full-
expander with regeneration, respectively. The split-expander cycle achieves a chamber pressure of 2044 psia
with a resulting pump discharge pressure of 6923 psia and an oxygen turbopump turbine inlet temperature of
1556°R. The full-cxpander cycle with regeneration attains a 2198 psia chamber pressure with a pump discharge
pressure of 7572 psia and a turbine inlet temperature of 957°R.

TABLE 5. — CYCLE PARAMETERS IMPROVEMENT VALUES
Split-Expander Full-Expander
Cycle Cycle W/Regenerator
Turbine Pressure Ratio 2.2 22
Pump Efficiency, % +5 +5
Turbine Efficiency, % +5 +5
Jacket Bypass, % 55 N/A
Regenerator Effectiveness, % N/A +10
Increased Chamber Length, in. +2.4 +2.4
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TABLE 6. — ADVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER
ENGINE

L PR PR PR PR PRIy

CHAMBER PRESSURE 2043.7
VAC EMGIME THRUST 25000.
T TOTAL EMGIME FLOM 2:TE s2.07
DEL. vac. 1sp <80.1
THROAT 42€A 5.99
NOZZLE 4R€A RATIO 1000.0
NOZZLE EX[T DIAMETER 87.34
ENGINE RIXTURE RATIO €.00
ETA C« 0.993
CHAMBER COOLANT DP 136S.
CHAMBER COOLANT OF 1409,
NOZZLE/CHAMBER Q 17209,

ENGINE STATION COMDITIONS

LR P PR Y LI ]

* FUEL SYSTEM CONDITIONS »

STATION PRESS TE-P FLOW ENTHALPY
B.P. INLEY 18.6 37.4 7.64 -107.%
B.P. EXIT 100.2 8.4 7.64 -103.2
PP IMLET - 100.2 5.4 7.44 -103.2
IST STAGE EXIT 2740.6 7e.5 7.44 €5.¢6

JBVY INLET 2705.4 7.0 4.0% 65.46

JBY EXIT 229%.6 80.2 4.09 65.4
240 STAGE EXIT <g%0.2 112.3 3.35 221.7
et EXIT é322.8 1¢5.8 3.35 3s9.5
COOULANT INLET 6853. ¢ 16s.3 3.3% 369.5
CDOLANT EXIT 5488.2 18952 3.3% 5507.4

TBY [MLET S£21.¢ 1555.% 0.17 $507.4

TBY EXIT 24¢8.3 1827.% 0.17 $507.4
o TRB IMLET 5¢I%.4 1555.3 3.18 $507.4
@ TRE EXIT <g93k.3 1517.7 I.18 $350.4
W TRB INLET 8443 1s17.7 3.18 5380.4
M2 TRB EXIT 2571.6 133:.2 3.18 6645.6
2 TRB DIFFUSER 507.9 1333.7 3.18 4645.6
2 BST YR8 IN 2482.9 1333.7 .18 464S.6
2 BST TRE OUT 2482.3 1331.2 3.18 £635.6
*C BST TRB OIFF 2¢87.1 1311.3 3.18 4635.6 g.:5%
a BST TRB IN 26228 1231 .4 5.18 “635.6 0.33
a2 BST TRB OUuT ¢S B3-S ] 3.18 4630.2 0.2
a2 B8ST TRB DIFF 2670.4 13:2.0 3.18 4630.2 0.I3%

Q2 TANK PRESS 13e2.9 0.0044 4674.0 0.0QCe
GOX HEAT EXCH 'W 2¢ 13¢2.% 3.34 <874.0 6.2
GOX HEAT EXCH OUT 22 13<1.7 3.3¢ <671.0 0.2
MIXER MOT IN 2 1341.7 3.3¢ <é671.0 0.32
WIXER COLD IN 22 80.2 4.09 65.6 <.14
®N{XER OUT 22 622.0 7.64 2136.% 0.é4
FSOv [MLET 22 €22.0 7.64 2136.95 Q.64
FSOV EXIT 22 2.3 7.44 2136.5 0.62
OHAMBER INY 21 #22.4 7.44 2136.5 6.62
CHAMBER 2843.7

* OXYGEN SYSTEM CONDITIONS «

STATION PRESS T FLOM ENTHALPY DENRSITY
0.P. INLET - l1e.0 162.7 [ 1) 61.9 7a.99
s.P. EXIT 115.2 185.3 6&.? 62.3 70.8%
e INLET 135.2 165.3 6.7 62.3 70.8S .
PLa® EXIY 31gv.8 179 .8 44,7 72.8 71.68

02 TANK PRESS Is.0 4090.0 0.074 206.7 0.12
oSOV IMET 3274.7 178.9 6.7 72.8 71.63
oSOV EXIT 2291.7 18z.8 é.7 2.8 r0.12
OCV IMNLET 127¢.7 178.9 37.9 2.8 71.62
ocY EXIT 22%5.7 182.8 37.y 72.8 70.12
OWSBER TN 2270.7 182.9 LT 72.8 70.09
OHAMBER 20<3.7

& VALYS DATA «
VaLVE DELTA P ARZA FLOW T BYPASS
J8vY «Q6 6.15 &.0% 55.00
™Y 132s. 2.31 0.17 S.00
FsSov s7. 1.80 7.46
ocv b1 6. 21 [T
® [NJEZTOR DATA «

INJECTOR DELTA P RAEA FLOM
FUEL 156. 1.:% 7.¢¢
LoxX 227. .53 LTI 3}
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ADVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER
ENGINE (Continued)

TABLE 6. —

Fedsdudannacevdrctenntretas s eee

¢ TURBOMACHINERY PERFORVANCE DATA «

L Y P PR Y PR PR PR Y PP

¢dedNdtadsacaauen

* M2 BOOST PUMP =

deadanacediqennas

Tesssactteenunaanes

« HQ BOOST TURBINE #

9eetdecsesncuaaanan

EFFICIENCY (T/T) 0.917 EFFICIENCY 0.804
EFFICIENCY (T/3) 0.688 HOR SEPOWER «5.
SPEED {(RPH) 41220, SPEED (RPM] 41229,
MEAN DIA (IN) 2.18 S SPEED 052,
EFF AREA (IN2) 1.78 HEAD (FT) Je80.
usc (ACTUAL ) 0.553 Dla. [S1.}) 2.43
Hax TIP SPEED <80. TP SPEED <518
STAGES ] VOL. FLOW 760,
Gara 1.453 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF a.201
PRESS RATIO (T/S) 1.01
HORSEPOMER «5.
EXIT MACH MUMBER 0.0¢
SPECIFIC SPEED 113.6¢<
SPECIFIC DIAMETER 0.7¢

aanscecequsnun R R ETYYT]

" M2 TURBINE « =2 PP =

ddsadaccnun

STAGE OME STAGE THWO STAGE THREE

4a  sdedvadqs

EFFICIENCY (T/T) 0.825 EFFICIENY 0.6e0 0.57S
EFFICIENCY (T/S) 9.787 HORSEPOMER 1778. 146,

SPEED (RPH1I 125000, SPEED (RPM) 125000. 125000,
HORSEPOMER . 3218. SS SPEED 11348.

MEAN Dla. (IN) 3.30 S SPEED €80. S40. 556.
EFF AREA ) 0.18 HEAD (FT) Bé73S. «%8Y5 . 67004,
usc (ACTUAL ) 0.426 DIa. (IN) «.12 i.18 5.18
Max TIP SPEED 1871. TIP SPEES 2248, 2061. 206t
STAGES 2 vOL. FLOw- 75%. 348, 348,
Garea 1.43 r€AD COET 0.5%2 0.530 Q.508
PRESS RATIO (T/T) 1.89 FLOW COE® C.088

PRESS RATIO (T/S) 1.96 CIAMETER RaTIOQ 0.30¢

EXIT MACH MMBER a.13 BEARING DN 3.00E-04

SPECIFIC SPEED 26.37 SHAFT DIAMETER 24.00

SPECIFIC DIAMETER 2.3

Nesudsnnaa XYY eesadmase
* 02 BOOST PP «

tesnNccudsdenanny

« 02 B80OST TURBINE =

“sdseccqenuauanunnaa

EFFICIENCY (T/T) 9.912 EFFICIENCY 0.803
EFFICIENCY  (T/S) 0.803 HORSEPOWER 5.
SPEED (RPHM) 11044, pg 23] (RPM) 11044,
HEAN DIa {IN) 5.9 S SPEED 31026.
EFF AREA (N2} 2.45 HEAD (FT) 242,
usC (ACTUAL) 0.553 ola. CIN} 2.13
Hax TIP SPEED 310, Ti? SPEED 132,
STAGES 1 VOL. FLOW 83,
Garea 1.43 HEAD COEF 0.450
PRESS RATIO (T/T) 1.00 FLOM COEF 0.203

PRESS RATIO (T/3) 1.0t
HORSEPOMER 2s.
EXIT MACH MUMBER 6.03
SPECIFIC SPEED 54.38
SPECIFIC DIAMETER 1.50

sesdendensanua

"R TRBINE =

EFFICIECY (T/T) 0.882
EFFICIENCY (T/S) 0.839
SPEED (RPM)  72054.
HORSEPOMER 462,
HEAN D1A {IN) 5.30
EFF AREA (w2 0.2¢
usc (acTuAL ) 0.541
MaX TIP SPEED 108¢.
STAGES 2
Gara 1.43
PRESS RATIOD (T/T) 1.12
PRESS RATIO (T/S) 1.12
EXIT MAOH MUMBER .04
SPECIFIC SPEED 317.66

SPECIFIC DIAMETER 2.05

canscaantan
« 02 PUP «
canedananne

EFFICLENCY

HORSEPOWER

SPEED (RPN

SS SPEED

S SPEED

HEAD (FT1

Dla. (IN)

TI> SPEED

vOL. FLOM

HEAD COEF

FLOW COEF

DI ETER RATIO

SEARING DN

SFiFT DILMETER

0.783
662,
22056
23942,
16%0.
(22499
2.18
84,
289.
0.434
0.148
0.678
1.4<E06
20.00



TABLE 7. — ADVANCED ENGINE PARAMETRIC STUDY, FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR

ENG[ME PERFORMANCE P AR AME TERS

LR R R R L R R T Y T T PR R PP pep

CHAMBER PRESSURE 21*8.0
VAC EMGIME THRUST J5000.
TOTAL ENGINE FLOW RATE $2.07
DEL. vaC. 1sP <89.1
THROAT AREA 5.57
NOZZLE AREA RATIO 1c¢o. 9
NOZZUE EXIT OIAMETER 84.24
ENGIMNE MIXTURE RATIQ 6.00
€TA Cn 0.993
CHAMBER COOLANT DP 1640.
CHAMBER CODOLANT DT 628,
NOZZLE/OHArBER Q 1708s.

EMGINE STATION CONDITIONS

¢ FUEL SYSTEM CONDITIONS »

STATION PRESS TEre FLOM ENTHALPY DENS1TY
8.P. INLET 18.4 37.4 7.4 -107.5 <.37
B.P. EXIT 100.9 38.4 7.4% ~-103.2 4.3
PUMP INLEY l100.9 8.4 7.45 -103.2 4.39
1ST STAGE €XIT 2592.5 72.8 7.45 S1.2 4.45%
2ND STAGE €XIT 5078.0 105.2 1.45 l02.8 4.5%4
PuUMP EXIT 7572.0 135.3 7.4% is1.8 “.66
COLD REGEN IN 769¢.3 135.9 7.48 3si.8g %.63
COLD REGEN EX 1421.¢6 328.4 7.45 1107.¢ 2.82
COOLANT IMNLET 7421.4 328.4 7.45 1107.¢ 2.82
COOUANT EXIT $780.% 95¢.7 7.45 5398.4 0.99
TBV IMLET 5723.1 57.1 0.37 3398.4 0.98
TBV EXIT 253é.9 177.9 0.87 3198.¢ 0.4é
02 TRB IMNLET 5728.1 957.1 7.07 1398 .4 0.98
02 TRB EXIT 5254.2 9395 1.07 I327.0 Q.92
H2 TRB INLET $254.2 93%.8 7.07 3327.0 Q.92
0 TRB EXIT 2726.4 820.0 7.07 2848.1 a9.58
H2 TRB DIFFUSER 2639.3 B820.4 r.07 2848.1 0.5¢
H2 BST TRB IN 2612.9 820.6 7.92 2848.1 0.56
H2 BST TRB OuT 25%6.2 819.¢ 1.07 2B43.§ 0.55
H2 BST TRB OIFF 2585.7 8l9.¢ 7.07 J843.¢ 0.55
02 BST TRB [N 2559.8 819.8 7.0? 843,46 0.5%
02 BST TRB OUT 2551.4 819.2 .07 7841.1 0.55
02 BST TRB OIFF 2549. 4 B1s.2 .07 8411 0.5S
HZ TANK PRESS 18.6 843.1 e.007t ZB6Y.0 0.0062
GOX HEAT EXCH IN 2536.9 827.1 7.44 2B8é%.0 0.54
GOX HEAT EXCH OUT 2524.2 824.8 7.44 2867.¢ 0.54
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CHAMBER 2198.0

* VALVE DATA «

VALVE DELTA P AREA FLOMW X 8YPASS
Tev I18e. 0.01 Q.57 5.00
FSOV (3 1.67 7.44
ocv 1057. 0.21 L6 .43

@ [MJECTOR 0ATa

INJECTOR DELTA P LREA FLO™
FUEL 145. 1.0¢ 7.4
Lox 264 e.S51 LY 34
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ENGINE-VEHICLE INTERFACES

The identified engine-vehicle interfaces are listed in Table 8, Redundant electrical and data connections are
suggested for reliability. Each instrumentation cable will carry multiple channels. The number of channels will
be determined based on the architecture of the engine-vehicle control interface.

TABLE 8. — ENGINE-VEHICLE INTERFACES

No. of

Description .
! Interfuces

Gimbal Bearing 1
Gimbal Actuator 2
Engine Oxidizer Inlet. Liquid Oxygen l
Engine Fuel Inlet, Liquid Hydrogen 1

Fuel Tank Pressurant. Gaseous Hydrogen 1
Oxidizer Tank Pressurant, Gaseous Oxygen 1
Electrical Power oth
Pneumatic TBD (0 or 1)
Data 2t
Notes:

th Required for redundancy

The gimbal mount is the primary engine attachment to the vehicle and provides the capability to gimbal
the engine through two gimbal actuator attachment points located 90 degrees apart on the engine. The engine
is configured with an extendable nozzle to reduce engine storage length. The engine envelope and mechanical
interfaces are depicted in Figure 32. The engine lengths (x) and diameter (y) correspond to the dimensions given
in Appendix A. The stored length (x’) is one-half the total engine length plus 6 to 10 inches depending on engine
thrust and undefined vehicle interface requirements.
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Figure 5. Full-Expander Cycle
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Figure 6. Full-Fxpander Cycle Achievable Chamber Pressure
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Figure 11. Dual-Expander Cycle
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Figure 13.  Full-Expander Cycle With Regeneration
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Figure 16.  Full, Split, Dual, and Regenerator Cycle Comparison With Milled Channel Thrust Chambers
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Figure 21.  Advanced Split-Expander Cycle P. Improvement With Increased Pump Efficiency
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Figure 22.  Advanced Full Expander With Regenerator Cycle P, Improvement With Increased Pump Efficiency
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Figure 23.  Advanced Split-Expander Cycle P. Improvement With Increased Turbine Efficiency
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Figure 24. Advanced Full Expander With Regenerator Cycle P. Improvement With Increased Turbine Efficiency
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SECTION 1l
THROTTLING AND HIGH MIXTURE RATIO OPERATION

COMPONENT REQUIREMENTS

The throttling requirements for the study were set at a minimum throttling capability of 10:1 and an optional
requirement of 20:1. The baseline engine mixture ratio requirement was operation from 5.0 to 7.0 (6.0 + 1.0).
An optional requircment was to be able to operate oxidizer rich at a mixture ratio of 12.0. In many respects,
the component requirements for wide range throttling and high mixture ratio operation are similar; therefore, the
component discussion presented here covers both requirements.

The key technical issues for achieving wide range throttling and high mixture ratio operation are: (1)
achievement of high combustion efficiency over a wide thrust and mixture ratio range without excessive system
pressure drop and complexity, (2) the ability to adequately cool the thrust chamber over the wide range of
conditions required, (3) achievement of wide range control without undue control system complexity, and (4)
pump flow stability and avoidance of turbine flow separation at low flowrates. The split expander cycle was
selected as the baseline cycle for the throttling and high mixture ratio operation requirements study. The full
expander cycle with a regenerator was also considered. The design thrust level was 20,000 Ibs.

Combustion System

Low-frequency combustion instability is the primary combustion concern when throttling a rocket engine.
Low-frequency instability generally results from a low injector pressure drop being coupled to the combustion
process at low thrust. Three methods have been proposed to deal with this problem: high injector pressure drop,
dual-orifice injection, and gascous injection.

The high-pressure drop injector uses a simple, fixed-area injector sized to produce an acceptable pressure
loss at the lowest thrust level. However, at full thrust, with the flowrate increased twentyfold for 20:1 throttling,
the injector pressure drop becomes very high, resulting in high pump discharge pressure requirements. The
extra power required to meet the high discharge pressure requirements significantly reduces the achicvable cycle
combustion chamber pressure.

The dual-orifice injection concept provides wide range throttling capability without requiring high oxidizer
injector pressure drops at full thrust or oxidizer vaporization for gaseous injection. Separate control of the primary
and secondary oxidizer flow provides an adequate pressure drop through the primary at all flow conditions. At
low thrust all flow is diverted through the primary orifices, and, at intermediate thrust, the primary is used to
energize and atomize the secondary flow. The dual-orifice concept was derived from gas turbine engine fuel
injection technology and has successfully demonstrated high performance over a wide range of conditions. Under
Contracts AF-04(611)-9565, -9575, and -11611, the injector shown in Figure 33 demonstrated throttling ratios of
170:1 with fluorine/hydrogen. A similar concept using a dual-manifold tangential entry slot oxidizer element was
tested in the XI.R-129 oxygen/hydrogen preburner (Contract FO4(611)-68-C-0002) at pressures over 5000 psia
(Figure 34). The XI.R-129 tangential entry dual-orifice injection concept is currently being used in the preburner
for the SSME Alternate Turbopump Development (ATD) preburner injectors. Extensive spray characterization
has been completed under the ATD program. Figure 35 shows a single ATD preburner injection element at 100
percent and 10 percent of design flow.

Gaseous oxidizer injection also offers an effective method of achieving low-frequency combustion stability
at low-thrust levels. The dual expander cycle is aimed specifically at providing gaseous oxidizer for injection.
Mixing the gascous oxidizer with the gascous fuel over a wide range of operating conditions, however, is more
difficult than gas-liquid mixing, and lower combustion efficiency is likely to be encountered at some operating
conditions.
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A heat exchanger may be used with a fixed-area injector to provide gaseous oxygen at an acceptable pressure
drop at low thrust while maintaining reasonable injector pressure losses with liquid oxidizer at full thrust. This
concept has been proposed as a solution to low-frequency instability in earlier advanced space engines (the RL10
IIB and the OTV engine), but these engines did not have the requirement for continuous throttling. An engine
using a heat exchanger in conjunction with a single-element injector would require a more complex control
system to provide continuous throttling over the desired 20:1 range.

Based on this comparison, a dual-orifice injector was selected for additional evaluation for the study on
the basis of its versatility and potentially high combustion efficiency at full thrust, throttled, and high mixture
ratio conditions.

Thrust Chamber Cooling

Rocket engine cooling with throttling can present difficult design challenges. If the entire fuel flow is used
for cooling, as thrust level decreases, the coolant exit temperature increases. The temperature increases because
with a fixed-geometry thrust chamber, a reduction in thrust is accompanied by a proportional decrease in chamber
pressure and coolant flow, while the heat flux is reduced by approximately chamber pressure to the 0.8 power.
Under some conditions, the increasing coolant temperature can cause the thrust chamber wall temperature to
increase as the engine is throttled. If the wall temperature at full thrust is near the upper limit (as is desirable to
minimize coolant pressure drop), the allowable upper limit at reduced thrust may be exceeded. The upper curve
in Figure 36 shows a typical example. Cooling limits can be partially offset by reducing combustion length,
use of higher thrust chamber contraction ratio, use of overcooling at the design point, or bypassing part of the
flow at the design point and using all of the flow at off-design condition. Each of these approaches reduces
the cooling problem at throttled conditions, but cach imparts a cycle loss, increased thrust chamber weight and
volume, added control system complexity, or some combination of these design penalties.

The split expander provides a means of avoiding the throttling constraint associated with most other cycles.
Because of the reduced coolant flow at full thrust, the coolant exit temperature of the split expander is higher
than with a full-expander cycle. By controlling the split-expander jacket bypass flow to increase the percent of
coolant flow, the coolant exit temperature can be decreased up to a point during throttling. At some fraction
of rated power (30 percent in the case studied), the jacket bypass valve is completely closed, and the cycle
operates like a full-expander cycle. However, because the coolant passages for the split expander are designed
for low flowrate, the combustor wall stabilizes at a lower temperature during deep throttling, as shown in the
lower curve on Figure 36.

High mixture ratio operation is also enhanced with the split-expander cycle. By controlling the coolant
jacket bypass flow to increase the percent of coolant flow, operation at higher mixture ratio levels with lower
combustor wall temperatures is possible. Figure 37 shows the cooler wall temperatures attained with the split
expander cycle compared to a typical cycle.

Low wall temperatures are essential at high mixture ratio operation. The maximum temperature for prevention
of copper oxidation is 1060 to 1260°R without coatings. Use of coatings could reduce this limitation, but proven
coatings are not currently available, and any coating will reduce the overall heat flux and the available cycle power.

The full-expander cycle with regeneration also offers the potential for control of thrust chamber wall
temperatures. By reducing the amount of regeneration, the thrust chamber coolant temperature is reduced. The
cooling benefit of reducing the amount of regeneration is partially offset by the higher coolant density and lower
cooling velocity. Thus, cooling at throttled conditions with a regenerator in the cycle is more difficult than
throttled cooling with a split-expander cycle. Also, care must be taken not to reduce the amount of regeneration
at low thrust to the point that unacceptably low coolant velocity results. Figure 38 compares the coolant exit

38



temperature for the case of all of the fuel passing through the regenerator with a case where a portion of the
jacket exit flow bypasses the regenerator. (The control scheme for bypassing the regenerator is preseated below.)
Without partial bypassing of the regenerator, the coolant jacket exit temperature greatly exceeds the allowable
copper wall temperature. With partial bypassing, the jacket wall temperature is held within acceptable limits,
as shown in Figure 39.

Wide Range Control

A conceptual control system for the split-expander cycle is shown in Figure 40. The jacket bypass valve
(JBV) is used to control the coolant jacket flow for throttled and high mixture ratio operation. The JBV also
contributes to thrust control. The oxidizer secondary control valve controls the oxidizer flow split between the
primary and secondary injector flow and provides mixture ratio control by throttling the oxidizer flow. These
two valves can also provide control of thrust down to approximately 60 percent. For deep throttling, a turbine
bypass valve is used to control thrust by reducing turbine power.

In the split-expander cycle, liquid hydrogen enters the engine inlet and flows through a single-stage boost
pump and proceeds onto a three-stage main pump. After the first stage of the main pump, 50 percent of the
hydrogen flow is diverted and routed through the JBV and to the mixer. The remainder of the hydrogen flow is
sent through the second and third stages of the pump to attain the high pressure required by the cycle and is then
used to cool the chamber and nozzle. A small fraction of the gascous hydrogen leaving the nozzle coolant exit
is diverted through the turbine bypass valve (TBV) and flows into the mixer. The rest of the coolant hydrogen
flow first powers the main hydrogen and oxygen turbines before being routed to the hydrogen and oxygen boost
turbines. The turbine flow is then used to provide energy to the oxidizer tank pressurant through a heat exchanger
and enters the mixer to join the bypass flows. The combined hydrogen flow then exits the mixer, flows through
the fuel shutoff valve (FSOV), and enters the injector for combustion in the main chamber. On the oxidizer side,
liquid oxygen enters the engine and flows through a single-stage boost pump and a single-stage main pump.
After exiting the main pump, the oxygen is split between the primary and secondary legs of the injector, with
the secondary flow controlled by the oxidizer flow control valve (SOCV). The flow routed through the primary
side flows through the primary oxidizer shutoff valve (POSV). The oxygen flow is subsequently injected into
the main chamber to combust with the hydrogen.

Figure 41 shows a conceptual control system for the full-expander cycle with regeneration. Because the
full-expander cycle has no bypass flow, thrust control is achieved entirely by the turbine bypass valve. The
turbine bypass flow is routed around the regencrator heat exchanger. As thrust is reduced, the amount of bypass
flow increases, thereby reducing the amount of regeneration.

In the full-expander cycle with regeneration, liquid hydrogen enters the engine inlet and flows through a
single-stage boost pump and proceeds onto a three-stage main pump. After exiting the main pump, the hydrogen
flows pass through a regenerator before being used to cool the chamber and nozzle. A small portion of the
gascous hydrogen leaving the nozzle coolant exit is diverted around the turbines through the turbine bypass
valve (TBV). The majority of the hydrogen flow is used to power the main hydrogen and oxygen turbines before
being routed to the hydrogen and oxygen boost turbines. After leaving the oxygen boost turbine, the flow travels
through the regenerator and mixes with the flow which bypassed the turbines. The hydrogen then continues on
through the fuel shutoff valve (FSOV) and enters the injector for combustion in the main chamber. The oxidizer
side of the cycle has the same configuration as the split-expander cycle. The liquid oxygen enters the engine and
flows through a single-stage boost pump and a single-stage main pump. After exiting the main pump, the oxygen
flow is split between the primary and secondary legs of the injector, with the secondary flow being controlled
by the oxidizer flow control valve (OCV). The flow routed through the primary side passes through the primary
oxidizer shutoff valve (POSV) and is subsequently injected into the main chamber to combust with the hydrogen.
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Turbomachinery

The turbomachinery concerns when throttling a rocket engine are flow stability on the pump side and flow
separation on the turbine end. As the rocket engine is throttled, propellant flowrates and turbopump speeds both
decrease. The main pump tends (o come down an operating line like that shown in Figure 42. As the pump
enters the low-capacity region, the head coefficient drops off, and the pump flow becomes unstable. One method
of avoiding this is to recirculate a percentage of the flow from the pump exit to the inlet; in cffect maintaining
a higher volumetric flow at the low-thrust levels. However, this increases the total enthalpy entering the pump
and may cause the pump to cavitate. To overcome this, the boost pump can be operated in a manner to produce
a higher pressure to the main pump, which together with the recirculated flow can effectively eliminate both
instability and cavitation. In addition to pump recirculation, several design features may be used to enhance
pump stability with throttled operation. One method is use of an inducer-interstage strut. The inlet struts scrve
to minimize induced pre-swirl during throttled conditions, thereby providing a steepened headflow characteristic
for improved pump stability. Figure 43 shows how these characteristics increased the head coefficient in the
350K and XL.R-129 high pressure fuel turbopumps, thereby allowing significant increases in throttleability.

Vaneless pump discharge collectors should be used on all stages, as opposed to stall-prone collectors with
incidence-sensitive vane or pipe diffusers. All stages should also employ low discharge blade angles to steepen the
head-flow characteristics for improved stability. Various advanced seal configurations may be used to minimize
parasitic leakages detrimental to pump stability at low flowrates. Moderate suction specific speed requircments
have been selected at design and off-design operation to avoid cavitation-induced instabilities. Various throttle
aids such as inlet back-flow collectors can also be employed.

Turbine flow separation is primarily a performance concern rather than an operational concern. The throttling
analysis completed under this study showed that the 20:1 range resulted in turbines which are close to separation.
One advantage that was demonstrated by the split-expander cycle is that, since the turbine is designed for only
half the flow at full thrust, when the engine is throttled down to 5 percent thrust, the turbine has more flow
separation margin in it than the full-expander cycle.

CYCLE DATA

The split-expander cycle and full-expander cycle with regeneration were selected for more detailed engine
studies. These studies consisted of an engine throttling investigation and a mixture ratio variation study. The
thrust chamber and nozzle configuration chosen for both the split expander and the full expander with regeneration
is shown in detail in Figure 44. The thrust chamber is 12.3 inches long, has a contraction ratio of 4.0, and is
constructed from copper tubing. The regenerative nozzle extends out to an area ratio of 210 to 1, and is built
from Haynes 230 tubing. A composite material nozzle extension increases the overall area ratio to 1000 to 1.
The design point selected for the throttling studies for each cycle is defined as follows:

Split Expander Full Expander With
Regeneration

Vacuum Thrust Level, tb 20K 20K
Inlet Mixture Ratio 6.0 6.0
Chamber Pressure, psia 1612 1764

Detailed cycle sheets for the full-thrust design thrust levels are located in Appendix B for each of the
engine cycles examined.
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Split-Expander Cycle

A throttling investigation was performed on the split-expander cycle, with cycle points generated at 100, 50,
10, and 5 percent of the design thrust Ievel while holding the mixture ratio constant at 6.0. (The throttled cycle
sheets detailing this investigation are located in Appendix C.) During engine throttling in the split-cxpander cycle,
the JBV, which was previously shown in Figure 40), is used to increase the percent of hydrogen flow available to
cool the thrust chamber/nozzle assembly. This increased coolant flow lowers the coolant exit temperature with
thrust level, as shown in Figure 45, while the JBV arca decreases according to the schedule shown in Figure
46. At 10 percent thrust the JBV is completely closed, and the cycle reverts to a full expander with all of the
hydrogen flow being used to cool the thrust chamber. As a result, the coolant exit temperature below 10 percent
thrust increases. The TBV opens (Figure 47) as thrust level decreases, allowing a greater percentage of the
coolant flow to bypass the turbine and causing system pressures and pump speeds o drop.

A major concern during deep throttling is low frequency combustion instability resulting from low oxidizer
injector pressure drops (< 5% AP/P.). Dual-orifice injection allows the effective injection area to be varied with
thrust level, giving an acceptable average injector pressure loss both at low thrust and full thrust, as shown in
Figure 48. The oxygen is injected using tangential swirl elements to promote momentum exchange between the
primary and secondary streams and the net injection velocity is sufticient for good atomization and ctliciency.

A mixture ratio sensitivity study was done on the split expander cycle for mixture ratios of S to0 7 and 12 at
the 20 kib thrust design level. The cycles generated for this study are given in Appendix Do A plot ot chamber
pressure and chamber/nozzle heat transfer versus mixture ratio is shown in Figure 49 for the 5 to 7 range.

Below the O/F of 6.0 level chamber pressure is lower than the design point chamber pressure, which can be
attributed to the reduced heat flux caused by the lower combustion temperature and increased power requirements
10 accommodate the higher fuel flows. The reduced heat flux limits the avaitable cycle power by decreasing the
turbine inlet temperature. The TBV is closed to maintain chamber pressure. When the 5 pereent margin designed
into the cycle reaches 0 as the O/F is lowered, chamber pressure and, subscquently, thrust decline. Converscly,
above an O/F of 6.0, there is a surplus of energy available to the turbine, and chamber pressure and thrust can
be maintained by opening the TBV. On the other side of stochiometric, at a mixture ratio of 12.0, the heat
flux in the chamber is again below the design level so that the maximum chamber pressure is limited 1o 1250)
psia. The inlct fuel flow is nearly 50 percent of design, so the IBV is closed, making all of the fucl available
for use as a coolant and turbine flow. With the increased mixture ratio, the horsepower split between the tuel
and oxidizer turbopumps changes and the fuel side is overpowered by the flow required by the oxidizer turbine.
To compensate for this, the fuel shutoff valve (FSV) is throttled to create a higher line loss downstream of the
turbines and to load the fuel system. The FSV must close to approximately 36 percent of its design flow arca.

Full-Expander Cycle With Regenerator

A throttling study was also conducted for the full-expander cycle with regeneration. The throttled cycles
generated were at 50, 10, and 5 percent of the 20,000 Ibs design thrust at a mixture ratio of 6.0, Detailed cycle
sheets for these throttled points are contained in Appendix C.

Unlike the split-expander cycle, the coolant flow cannot be controlled during throttling and. with the chamber
designed for full coolant flow, the coolant exit temperature rises during engine throttling, as shown in Figure 50
Al the 5 percent thrust level, the turbine inlet temperature is above 1200°R. The TBV opens during throttling
(Figure S1), bypassing a greater percentage of the hydrogen flow around the turbine, dropping pump speeds and
system pressures. Since the energy for the hot side of the regencerator is supplied by the turbine discharge flow, as
thrust decreases, the lower flowrate results in a relatively small increase in coolant inlet temperature (Figure 52).
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As with the split-expander cycle, a major concern during deep throttling is low-frequency combustion
instability resulting from low oxidizer injector pressure drops (< S% AP/P.). To maintain the required pressure
loss without having to vaporize the oxygen, the dual-orifice injector concept was used in the full-expander cycle
studies. The dual-orifice injector allows the effective injection area to be varied with thrust level, giving an
acceptable average injector pressure loss both at tow thrust and {ull thrust, as shown in Figure 53. The oxygen is
injected utilizing tangential swirl elements (o promote momentum exchange between the primary and secondary
streams, and the net injection velocity is sufficient for good atomization and efficiency.

Using the 20 kib thrust level as the design point, a mixture ratio sensitivity study was conducted with the
full-expander cycle with regeneration. The specific (/Fs studied were from 5 to 7 and 12.0. Detailed cycle
sheets for these operating points are contained in Appendix D. A plot of chamber pressure and chamber/nozzle
heat transfer versus mixture ratio is shown in Figure 54. The characteristics display the same trends for the
full-expander cycle with regeneration as those seen with the split expander cycle. At the lower O/F levels, the
cycle runs out of power and chamber pressure falls off. The coolant and turbine flow for the full-expander cycle
with regeneration, operating at high mixture ratio, is much lower than the design value; consequently, turbopump
performance suffers and the achievable chamber pressure is lower. At the mixture ratio of 12.0, the chamber
pressure drops to 1160 psia. As with the split-expander cycle, the FSV must be throttled to load the fuel system.
The valve is closed o under 10 percent of its design value. The selected control system with partial regenerator
bypass, as was previously shown in Figure 41, provides lower coolant exit temperature than achievable without
turbine bypass, but temperatures are still above current acceptable limits for copper thrust chambers. Either
improved materials, or a more complex control system that provides complete regenerator bypass, would be
required to achieve operation at a mixture ratio of 12.0. Either approach would be expected to reduce achicvable
chamber pressure over some portion of the mixture ratio range.

Face Plate
(Rigimesh)

Fuel Injection

Figure 33. Coaxial Dual Area Orifice Injector
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SECTION IV
RECOMMENDATIONS

Based upon the results of this study and related ongoing space engine studies at Pratt & Whitney, the
following recommendations are offered:

1.

Steps should be taken to investigate the key technology issues associated with design and
fabrication of copper tubular thrust chambers. These issues include: (a) determination of the
heat transfer enhancement associated with tubular chambers compared to smooth wall chambers,
(b) determination of cyclic structural life increases associated with copper tubes over milled
channel construction, and (¢) investigation of copper tube chamber fabrication techniques to take
full advantage of the total heat transfer and life advantages of copper tubular chambers.

The study should be expanded to investigate optimum cycles and design approaches for expander
cycle engines in the 50 to 200klbf thrust range.

Interface definition should be expanded in conjunction with system requirement definitions from
vehicle contractors.

Performance and envelope data should be updated as performance and technology levels become

better defined from such sources as the NASA-LeRC high area ratio performance investigations
and focused technology programs.
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APPENDIX A
PARAMETRIC DATA

Parametric data are presented in Figures 55 through 107,
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APPENDIX B
FULL-THRUST CYCLES

Full-thrust cycle data are presented in Tables 9 through 48.
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TABLE 9. — FULL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER TUBE
CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1862.5
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLDM RATE 15.62
DEL. VAC. ISP 480.1
THROAT AREA 1.97
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER so0.10
ENGINE MIXTURE RaTIO .00
ETA C» 0.993
CHAMBER COOLANT DP 791.
CHAMBER COOLANT CT 785.
NOZZLE/CHAMBER Q 6571.

ENGINE STATION CONDITIONS

u FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLEY 18.6 37.4 2.23 ~107.5 «.37
B.P. EXIT 100.4 38.5 2.23 -103.0 6.3
PUMP INLET 100.4 8.5 2.23 -103.0 4.39
1ST STAGE EXIT 1896.8 €9.3 2.23 26.% %.27
2ND STAGE EXIT 3618.5 *?.8 2.23 146.9 %.2%
PUMP EXIT 5287.6 124.3 2.23 266.1 6.28
COOLANT INLET 5234.8 126.7 . 2.23 266.1 6.26
CODOLANT EXIT 4443.6 $99.5 2.23 320%.3 0.82

TBY INLET %399.1 09.8 0.1} 320%.3 0.81

TBV EXIT 2086.4 925.6 0.11 3208.3 0.40
02 TRB IMLET 4399.1 *09.8 2.12 3205.3 0.81
02 TRB EXIT 4003.3 B893.6 2.12 3138.4 0.76
H2 TRB IMLET 4003.3 BY3.é 2.12 3138.4 0.76
H2 TRB EX17Y 2209.2 796.1 2.12 2751.9 0.6Y
H2 TRB DIFFUSER 2182.0 7%6.3 2.12 2751.% 0.8
H2 BST TRB IN 2160.2 7%6.3 2.12 2751.% 0.48
H2 BST TRB OUT 2141.2 795.2 2.12 2747.1 0.48
H2 BST TRB DIFF 2126.1 7%5.3 2.12 2747.1 0.47
02 BST TRB IMN 2104.9 795.46 2.12 2747.1) 0.47
02 BST TRB OUT 2096.3 7%.8 2.12 2744.6 0.47
02 BST TRB DIFF 2094.8 7%.8 2.12 2764.6 0.67

H2 TANK PRESS 18.6 814.2 0.0022 2767.6 0.0043
GOX HEAT EXCH IN 20864.4% 801.6 2.23 2767.6 0.46
GOX HEAT EXCH OUT 2073.9 801.0 2.23 2766.2 0.46
FSOV INLET 2075.9 801.0 2.23 2766.2 0.46
FSOV EXIT 2022.1 801.4 2.23 2766.2 0.45
CHAMBER INJ 2001.8 80l1.5 2.23 2766.2 0.46
CHAMBER 1862.5

% OXYGEN SYSTEM CONDITIONS ®

STATION PRESS TE FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 15.4 6.1 71.17
B.P. EXIT 135.6 163.2 13.4 1.5 71.20
PUMP TNLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 3016.3 178.2 13.4 72.1 71.52

02 TANK PRESS 16.0 400.0 0.023 204.7 0.12
ocy INLET 2986.2 178.3 13.4 72.1 71.47
ocv EX17T 2090.3 181.8 13.4 72.1 70.08
CHAMBER INJ 2048.7 182.0 13.4 2.1 70.02
CHAMBER 1862.5

* VALVE DATA ®

VALVE DELTA P ARTA FLOW X BYPASS
BV 2315. 0.01 0.11 5.00
FsSov 52. 0.67 .23
ocy 896. 0.08 13.39

= INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 139. 0.47 2.23 1569.64
Lox 207. 0.18 13.39 156.98
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TABLE 9.

CHAMBER) (CONTINUED)

* TURBORADHINERY PERFORMANCE DATA »

ansneap

SurssseasnmgnEsasenn
» H2 BOOST TURBINE »

EFFICIENCY (T/T) B.e8?
EFFICIENCY (T/3) 0.333

SPEED (R*M)  7532%.
MEAN D1A [S{ }] 0.82
EFF AREA (IN2) 1.03
usc {ACTUAL ) 0.553
MAX TIP SPEED i,
STAGES 1
GAMMA 1.38

PRESS RATIO (T/T) 1.o1
PRESS RATIO (T/S) 1.02
HOR SEP OMWER 16,
EXIT MACH NUMBER 8.39
SPECIFIC SPEED 143.08
SPECIFIC DINETER 0.5¢

1]
" H2 TURBINE »
sanunm

EFFICIENCY (T/T) o.80}
EFFICIENCY (1/3) 0.78]

SPEED [RPM) 187500.
HOR SEPOWER 1181,
MEAN DIA. CIN) 1.62
EFF AREA (R0 -2} 6.1k
usc CACTUAL ) 0.521
MAX TIP SPEED 1438,
STAGES 3
GAMMA 1.38

PRESS RATID (T/T) 1.8
PRESS RATIO (T/S} 1.8¢
EXIT MACH NUMBER 0.1é
SPECIFIC SPEED $3.11
SPECIFIC DIAETER 1.39

& 02 BOOST TURBINE =

EFFICIENCY (T/T) 0.804
EFFICIENCY (T/3) 0.455

SPEED (RPM) 20194,
MEAN DIA [$1}] 2.2%
EFF AREA (IN2) 1.54
usc CACTUAL) 0.553
MAX TIP SPEED 238,
STAGES 1
GAMMA 1.3%

PRESS RATIO (T/T) 1.00
PRESS RATIO (T/3) 1.01
HOR SEP OWER 8.
EXIT MACH MOSGER 0.83
SPECIFIC SPEED 101.87
SPECIFIC DINETER 0.8)

" 02 TURBINE =

EFFICIENCY (T/T) 0.803
EFFICIENCY (T/3) 0.7%3

SPEED (RPM) 130652,
HORSEPOMER 201.
MEAN DIA Ny 1.42
EFF AREA (N2 0.18
we (ACTUAL ) 9.%03
MAX YIP SPEED 94,
STAGES 1
GAMMA 1.5

PRESS RATIO (T/T) 1.10
PRESS RATIO (T/5) 1.1)
EXIT RACH NUMBER 0.0y
SPECIFIC SPEED 4865
SPECIFIC DIAMETER 1.48

" H2 BOOST PUMP =

EFFICIECY B.7¢6
HOR SEP OWER 14,
SPEED (RPM) 75328,
S SPEED 3049,
HEAD (FT) 2488 .
DIA. tIM} 1.3%
Tir SPEED 438,
VOL. FLOM 220,
HEAD COEF 0.430
FLOM COEF 0.20}

EFFICIENCY

HORSEP OWER

SPEED (RPM) 87%00. 187%00.

33 SPEFD 9352,

S SPEED 249, 768,

HEAD (FT) 0122, 58236.

DIA. (1MW) 2.3% 2.3%

TIr SPEED 1928. 192¢.

oL, RO 238, 236.

MEAD COEF 9.522 0.50¢

FLOM COEF- 0.093

DIAMETER RATIO 0.513

BEARING DN 3.00E+06

SHAFT DIAMETER 14.00

* 02 BOOST PUM =
esaessnasesnanne
EFFiCIECY 0.7¢4
HORSEPOMER ..
SPEED (£} 20184 .
3 SPEED 302¢.
HEAD (FT) 242.
DiA, (1M) 1.49
TIP SPEED 132.
VOL. FLOW 5.
HEAD COEF 9.450
FLOM COBF 8.200
"R PO »
sussennsnss

EFFICIOTY 8.703
HORSEP OMER 201.
SPFEED ("PN) 130652.
53 SPEED 23481 .
3 SPEED le04,
HEAD FT) 5799,
DIA. [$1 ] 1.8
TiP SPEED .75,
YR . FLON [ [
HEAD COEF 0.410
FLOe COEF 0.15%4
DIAMETER RATIO 0.679
BEARING DN 1.57E+06
SHAFT DINETER 12.00

FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER TUBE

e.517
3.

187580

s,
56326.
2.3%
1925,
234
0.489%



TABLE 10. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 16%96.5
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. ISP 480.0
THROAT AREA 6.32
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 76.21
ENGINE MINTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 579.
CHAMBER COOLANT DT 599.
NOZZLE/CHAMBER Q 1018%.

ENGINE STATION CONDITIONS

w FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 18.6 37.4 %.67 -107.5 %.37
B.P. EXIT 100.6 38.5 6.47 ~103.0 4.39
PUMP INLET 100.6 38.5 4.47 -103.8 4.39
1ST STAGE EXIT 1843.1 66.7 4.47 10.4 %.38
2ND STAGE EXIT 3556.9 B8Y.5 .67 121.3 .60
PUMP EX1T 5250.8 113.0 4.67 22%.5 .46
COOLANT IMLET 5198.3 113.5 4.67 229.% 4.64
COOLANT EXIT <619.0 712.1 .47 2508.0 1.06

TBV INCET <572.8 712.4 0.22 2508.0 1.05

TBY EXIT 1898.6 729.1 0.22 2508.0 0.46
02 TRB INLEY 4572.8 712.6 4.2% 2508.0 1.05
o2 TRE EXIT «123.2 698.9 4.25% 2649.6 0.98
H2 TRB INLEY 4123.2 698.9 %.25 26459 .6 c.98
HZ TRB EXIT 2026.9 613.0 4.25% 209%.5 0.58
HZ TRB DIFFUSER 1993.6 €13.2 %.2% 2099.5 0.57
HZ2 BST TRB IN 1973.7 613.2 4.25 2099.5 0.57
W2 BST TRB OUT 1952.9% 612.1 %.2% 2096.8 0.56
HZ BST TRB DIFF 1938.9 612.2 4.2% 20%.8 0.56
02 BST TRB IN 1919.5 612.3 4.25 2096.8 0.55%
o2 BST TRB OUT 1909%.6 611.6 4.25 2092.2 0.55
o2 8ST TRB DIFF 1%08.1 611.6 %.25 2092.2 0.5%

H2 TANK PRESS 18.6 627.2 0.0058 2113.0 0.0057
GOX HEAT EXCH IN 1898.6 617.5 4.6 2113.0 0.54
GOX HEAT EXCH OUT 1889.1 617.} 4.46 2111.6 0.56
FSOV INLET 1889.1 617.1 4.66 2111.6 0.56
FSOV EX17 1861.8 617.4 6.66 2111.6 0.53
CHAMBER INJ 1823.5 617.5 §.46 2111.6 .52
CHAMBER 1696.5

= OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEW FLOW ENTHALPY DENSITY
B.P. INLET 14.0 162.7 26.8 1.3 71.17
B.P. EXIT 135.6 163.2 26.8 61.5 71.20
PUMP INLET 135.6 163.2 26.8 61.5 71.20
PUMP EXIT 2747.5 175.9 26.8 70.7 71.63

02 TANK PRESS 16.0 4%00.0 0.045 206.7 0.12
ocV INLET 2720.0 176.0 26.8 70.7 71.59
ocv EXIT 1904.0 179.1 26.8 70.7 78.32
CHAMBER INJ 1866.1 179.3 26.8 70.7 70.26
CHAMBER 1696.5

» VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
TBV 2676. 0.01 0.22 5.00
Fsov 47. 1.30 6.66
ocv 816. 0.17 26.78

n INJECTOR DATA =

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 127. 0.90 4.646 1288.26
LOX 188. 0.37 26.78 169.56
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TABLE 10.

FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORWANCE DATA »

* M2 BOOST TURBINE »

EFFICIENCY (T/T) 0.74¢
EFFICIOXY (T/3) 0.39]
SPEED (RPH)  $3300.
MEAN DIA (IN) 1.1¢
EFF AREA () 1.80
wt {ACTUAL) 5.550
RAX T1P SPEED 3%0.
3TAGES 1
(= 1.48

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.02
HORSEPOMER 29.
EXIT RACH NUMBER 0.10
SPECIFIC SPEED 148.19
SPECIFIC DIAMETER 0.52

anen
» 2 TURBINE »

EFFICIENCY (T/T) 9.7%
EFFICIENCY (T/3) 0.77¢
SPEED (RPN) 136363,
HORSEPOMER 2103.

MEAMN DIA. () 2.33

EFF AREA (me2) 0.19
we (ACTUAL ) G.469
MAX TIP SPEED 148).
STACES 2
Garpwn 1.48

PRESS RATIO (T/T) 2.08
PRESS RATIO (T/3) 2.08
EXIT MADY MUMBER 0.1%5
SPECIFIC SPEED 39.%¢
SPECIFIC DIAMETER b.68

® 02 POOST TURBINE »

EFFICIENCY (T/T) 0.82¢
EFFICIENCY (/) 0.687
SFEED (RPM) 14272,
MEAM DIA (IN} 3.1
EFF anfa (he) 2.64
wt (ACTUAL ) 0.553
MAX TIP SPEED 238,
STAGES 1
(= ) 1.45

PRESS RATIO (T/T) 1.01
PRESS RATID (T/3) 1.0)
HORSEPOMER 15,
EXIT MACH MUMBER .03
SPECIFIC SPEED 96.92
SPECIFIC DIAETER 0.86

o 02 TURBINE »

EFFICIENCY (T/T) 0.817
EFFICIDEY (T1/3) 8.771
SPEED (RPM) 87749,
HORSEPOMER 351,
MEAM DIA (2L} 2.38%
EFF AREA s 0.29
usc (ACTUAL ) 0.523
MAX TP SPEED ”%2.
STAGES 1
GArA 1.45%

PRESS RATIO (T/T) 1.1
PRESS RATIO (T/S) 1.12
EXIT MACH NOGER 0.08
SPECIFIC SPEED 45.33
SPECIFIC DIAMETER 1.65

s K2 POOST PP o

EFFICIENCY
HORSEPOMER

SPEED

(RPA}

S SPEED

HEAD
DIA.

{F7)
()

TIP SPEED
voL. FLOM
HEAD COEF
FLOM COEF

EFFICIDLY
HORSEPOHER
SPEED (RPM)
$S SPEED

3 SPEED

HEAD (FT)
DIA. (M)

TIP SPEED
VOL. FLOM
HEAD COEF
FLON COEF
DIAMETER RATIO
BEARING DN
SHAFT DIAETER

- roe

2693,
1.89
439,
457,

0.458

9.201

STAGE ONE STAGE THO STAGE THREE

usssnvane
0.649
nr.
136363,
’”*e7.
8.
51278
3.12
1059,
459,
0.533
0.09%
9.331
3.00E-0¢
22.00

0.6%1 0.653
781, s .
136363, 136363.
797. 08,
6208, 55023,
5.12 3.12
1859, 1859,
56, 458,
.523 0.812

® 02 BOCST PLMP o

EOFICIDEY
MHORSEPOMER

SPEED

(1o b}

S SPEED

DIA.

(FT)
[$1 )]

Ti# SPEED

voL.

Lo

ALOM COEF

EFFICIENCY
HORSEP OMER

SPEED

(RPM)

S$ SPEED
S SPEED

HEAD
DIAL

{FT)
(81}

T1P SPEED

VOL. FLOM
HEAD COEF
FLOW COEF
DIAMETER RATIO
BEARING DM
SHAFT DIAMETER

I1s

apsng
" 02 PP e

0.764
18.
14272,
302¢.
242,
2.11
132.
169,
$.450
.20

0730
5St.
27749,
22303,
1945,
5249.
1.66
434,
le8.
0.420
0.155
0.2
-40E* 04
16.08



TABLE 11. — FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1403.4
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE $2.08
DEL. VAC. ISP 480.0
THROAT AREA 7.62
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER .52
ENGINE MIXTURE RATIO 4.00
ETA C» 0.993
CHAMBER COGUANT DP 495,
CHAMBER COOLANT DT 505.
NOZZLE/CHAMBER Q 14356,

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLON ENTHALPY DENSITY
B.P. INLET 18.6 17.4 7.45 -107.5 &.37
B.P. EXIT 100.9 8.5 7.4% -103.0 4.39
PUNP INLET 100.9% 38.5 1.45% -103.0 ©.3%
1ST STAGE EXIT 1458.6 84.9 7.45 -25.% 4.50
2ND STAGE EXIT 28351.9 70.7 7.645 51.8 4.58
PUMP EXIT 4222.8 86.2 7.45 128.6 4.67
COOLANT INLET 4180.6 86.6 7.45 128.6 £.65
COOLANT EXIT 3685.4 591.9 7.45 2055.1 1.02

TBY INCEY 5648.% 592.1 0.37 2055.1 1.01

TBY EXIT 1795.5 601.9 0.37 2055.1 0.53
02 TRB IMET 3648.5 592.1 7.08 2055.1 1.01
02 TRB EXIT 3266.7 579.5 7.08 2001.5 0.9%
12 TRB JNLET 3266.7 57%.5 7.08 2001.5 0.9%
H2 TRB EXIT 1925.6 519.5 r.08 1757.7 0.64
HZ TRB DIFFUSER 1888.2 519.6 7.08 1757.7 0.63
2 BST TRB IN 1869.3 519.6 7.08 1787.7 0.63
H2 BST TRB OUT 1848.2 518.5 7.08 1753.0 0.62
H2 BST TRB DIFF  1834.8 518.6 7.08 1783.0 0.62
o2 BSY TRB IN 1816.6 518.6 7.08 1753.0 0.61
o2 BST TRB OUT 1806.0 $18.0 1.08 1750.4 0.6l
02 BST TRB DIFF 1804 .S 518.0 7.08 1750.6 0.61

M2 TANK PRESS 18.6 52%.6 0.0113 1765.6 0.0066
GOX MEAY EXCH IN 1795.5 522.2 7.644 1765.6 0.6
GOX HEAT EXCH OUT 1786.5 s21.9 7.64 1764.3 0.60
FSOV INLET 1786.5 521.9 7.66 1764.3 0.60
FSOV EXIT 1761.9 522.1 7.64 1766.3 0.58
CHAMBER TN 1724¢.3 522.2 7.64 1764.3 0.58
CHAMBER 1603.6

s OXYGEN SYSTEM CONDITIONS ®

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INET 14.0 162.7 4.7 1.1 71.17
B.P. EXIT 135.6 163.2 6.7 $3.5 71.20
PUMP INLET 135.6 163.2 6.7 61.5 71.20
PP EXIT 259%6.8 176.6 &6.7 70.0 71.469

02 TANK PRESS 16.0 400.0 0.076 204.7 0.12
ocY INMET 2570.% 176.7 46.6 70.0 71.65
ocv EXIT 1799.6 177.6 “6.é 70.0 70.65
CHAMBER INJ 1763.8 177.8 64.6 70.0 70.39
CHAMBER 1603.6

= VALVE DATA =
VALVE DELTA P AREA FLOW X BYPASS
BV 1853, 0.02 0.37 5.00
FsOV 5. 2.10 7.64
ocv 7. 0.28 44.64
® INJECTOR DATA ®

INJECTOR DELTA P AREA FLOM VELOC1TY
FUEL 121. 1.6% 7.46 1291.0%
LOX 178. D.43 6. 66 145.27
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TABLE 11.

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA »
.

* K2 BOOST TURBINE o

EFFICIENCY (T/T) 0.823
EFFICIENCY (T1/S) D.4es
SPEED (RPM) 413S0.
MEAN DIA (IN) 1.4¢
EFF AREA [$1.-9] 2.82
usc (ACTUAL) 0.538
RAX TP SPEED 3.
STAGES i
GAMMA 1.34

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/3) 1.2
HOR SEPOHER 8.
EXIT MACH MMBER a.11
SPECIFIC SPEED
SPECIFIC DIAMETER 0.52

" H2 TURBIME »

EFFICIENCY (T/T) 0.863
EFFICIENCY (T/3) 0.92%
SPEED (RPM) 125000.
HORSEPOMER 2441,

MEAN DIA. () 2.3

EFF AREA (R -3 0.3
usc (ACTUAL } 0.521
MAX T1P SPEED 1616,
STAGES 2
GAmA 1.3

PRESS RATIO (F/T) 1.7
PRESS RATIO (Y/3S) 1.7¢
EXIT MACH NUMBER 0.13
SPECIFIC SPEED 61.6%
SPECIFIC DINETER 1.2¢

® 02 BOOST TURBINE »

EFFICIENCY (T/T) 0.877
EFFICIENCY (T/3) 0.73%
SPEED (RPR) 11058,
MEAN D1A (S L }] 4.11
EFF AREA (31 -3 4.06
usc (ACTUAL ) €¢.553
MAX TIP SPEED 233.
STAGES 1
GAMMA 1.3¢

PRESS RATIO (T/T) 1.0
PRESS RATIO (T/3) 1.01

HORSEPOMER 26.
EXIT MACH WUMBER 0.04
SPECIFIC SPEED 9% .o

SPECIFIC DIAMETER c.58

® 02 TURBINE »

EFFICIENCY (T/T) 0.845
EFFICIENCY (T1/%) 0.764
SPEED (RPM)  ¢5861.
HORSEPOHER S3s.
MEAN DIA (R L D] 2.36
EFF AREA (IN2) 0.54
usc (ACTUAL ) 0.414
HAX TIP SPEED 746,
STAGES 1
Gaea 1.34

PRESS RATIO (T/T) 1.12
PRESS RATIO (T/3) 1.13
EXNIT MACH NUMBER 0.32
SPECIFIC SPEED 2.7y
SPECIFIC DIAMETER 1.27

s M2 BOOST PO »

EFFICIDECY 0.76%
HORSEFGMER ‘8.
SPEED  (RPM) 41350.
S SPEED 3048,
HEAD (FT) 2703,
DiA. (S L} 2.43
TiP SPEED €40,
VOL. ALOM 142,
HEAD COEF 0.450
FLOM COEF e.201

" K2 PN &

STAGE ONE STAGE TMO STAGE THREE

EFFICIENLY 0.724 0.725
HORSEPOMER | 139 813.
SPEED (RPN) 125000. 125000.
$S SrEED 11318,
S SPEED 1126. 121,
HEAD ¢FT) 43769, 43508.
DIA. (1IN} 3.04 3.06
TiP SFEED 1671 l1¢70.
voL. RLOM 268, 730.
HEAD COEF 0.504 0.502
FLOM COEF 0.118
DIAMETER RATIO 0.412
BEARIMG DM 3.00E08
SHAFT DIAMETER 26,00

117

® 02 BOOST PUMP »

grFiciocy 0.764
HORSEPOMER 26.
SPEED (RPW) 11088,
$ SPEED 3026.
MHEAD [Lap] 242.
DlA. (IN) 2.712
TIP SPEED 132,
vaL. RLOoW 282,
MEAD COEF 0.450
FLOM COEF 8.200

sEsessnenne

" 02 PUMP »

ssresusenss
EFFICIDXCY 0.747
HORSEPOMER 538,
SPEED (RPM) 65861,
33 SPEED 21611,
S SPEED 1870.
MEAD (FT) €962,
BlA. (IN) 2.12
Tir SPEED [ 1338
VOL. FLOM 280.
HEAD COEF 0.42¢
FLOM COEF 0.15¢
DIAMETER RATIO 0.683
BEARING DM 1.45E+06
SHAFT DIAMETER 22.00

FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

6.724
810,
125000.

111s.
43284,
3.06
1671,
nr.
9.499



TABLE 12. — FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1562.9
VAC ENGINE THRUST 37500,
TOTAL ENGINE FLOW RATE 18.13
DEL. VAC. ISP 480.0
THROAT AREA 12.1%
NOZZLE AREA RATIO 1000.0
NGZZLE EXIT DIAMETER 126.61
ENGINE MIXTURE RATIO 6.00
ETA C» D.993
CHAMBER COOULANT DP 467,
CHAMBER COOLANT DT 420.
NOZZLE/CHAMBER Q 1BOl8.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. IMET 18.6 37.4 11.18 -107.5 .37
B.P. EXIT 100.3 38.5 i1.18 -103.0 4.3
PUMP TNLET 100.3 38.5 11.18 -103.0 4.39
1ST STAGE EXIT 1523.0 . 55.0 11.18 -23.6 6.52
2ND STAGE EXIT 2971.8 70.9 11.18 5.8 4.63
PUMP EXIT 6445.4 B6.4 11.18 135.0 .72
COOLANT INLET 4400.9 B86.8 11.18 135.0 6.70
COOLANT EXIT 3953.5 507.0 11.18 1746 .4 1.2%

TBV INLET 3914.0 $07.2 8.%4 1746 .4 1.26

T8V EXIT 1682.1 517.4 0.56 1746.4 0.57
02 TRB IMLET 3914.0 507.2 10.62 1746.4 1.24
02 TRB EXIT 34591.1 495%.9 10.62 1697.1 1.14
H2 TRB INLET 3491.1 495.9 10.62 1697.1 1.14
H2 TRB EXIT 1818.3 435.6 19.62 16446.6 0.72
H2 TRB DIFFUSER 1774.3 435.7 18.62 1646.6 0.71
H2 BST TRB IN 1756.6 435.7 10.62 1446.6 0.71
H2 BST TRE OUT 1733.8 436.6 10.62 1641.9 0.69
H2 BST TRB DIFF 1720.7 4366 10.62 1641.9 0.69
02 BST TRB IN 1703.5 434.7 10.62 16441.9 0.68
02 BST TRB OUT 1692.0 434.0 10.62 1439.3 0.68
02 BST TRB DIFF 1690.5 434.0 10.62 1439.3 0.68

H2 TANK PRESS 18.6 642.8 0.0203 145%6.7 0.0079
GOX HEAT EXCH IN 1682.1 438.2 11.16 1456.7 0.67
GOX MEAT EXCH OUT 1673.7 437.8 11.16 1453.3 0.67
FSOV IMLET 1673.7 437.8 11.16 16453.3 0.67
FSOV EXIT 1631.8 438.0 11.16 1453.3 0.65
CHAMBER INJ 1615.5 438.0 11.16 1653.3 0.64
CHAMBER 1502.9

u OXYGEN SYSTEM COMDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 71.17
B.P. EXIT 135.6 163.2 7.1 61.5 71.20
PUMP INLET 135.6 163.2 7.1 61.5 71.20
pumMP EXIT 26¢33.9 173.5 7.1 69.3 7.7

02 TANK PRESS 16.0 400.0 8.113 206.7 8.12
OCV IHLET 2409.6 173.4 7.0 £9.3 71.67
ocv EXIT 1686.7 176.6 7.0 69.3 70.5%
CHAMBER INJ 1653.1 176.5 7.0 69.3 70.50
CHAMBER 1502.9

® VALVE DATA »

VALVE DELTA P AREA FLOM X BYPASS
BV 2232. 0.02 8.56 5.00
Fsov 42, 3.0% 11.16
ocv 723. 0.64 66.97

# INJECTOR DATA =

INJECTOR DELTA P AREA FLOMW VELOCITY
FUEL 113, 2.13 11,16 1181.21
LOX 167. 0.97 s.97 140.53
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FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

TABLE 12. —

® TURBOMACHINERY PERFORMANCE DATA

® M2 BOOST PU »

= M2 BOOST TURBINE =

EFFICIENCY (T/7) 0.848 EFFICIENCY 0.246
EFFICIDXCY (T/3) 0.679 HOR SEPOMER 1.
SPEED (RPM) 33637, SPEED (RPH) 33687,
MEAN DIA (80 )) 1.78 3 SPEED 305).
EFF AREA ) 3.8% HEAD (FT) 2483,
u/c TACTUAL ) 0.537 DIA. Iw) 2.%
MAX TIP SPEED 370. T1# SPEED 438,
STAGES 1 VL. FLOW 1143,
GAMMA 1.42 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF ¢.201
PRESS RATIO (T/S) 1.02

HORSEPOMER 71,

EXIT MACH MMDER 0.11
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER  0.5¢
ARRPERESDPUNDERRS -
" M2 TURBINE = - T
resasknERREmnE reennsusean
STAGE OME  STAGE TWO STAGE THREE
sranesavs  nemeEEESs senwssvsnms
EFFICIDNGY (T/T)  0.845 EFFICIDCY 0.739 s.738 0.737
EFFICIENCY (¥/3)  0.927 HORSEPOMER 128¢. 1258, 1253,
SPEED (RPM) 187143, SPEED (RPM) 107143, 107163, 107143,
HORSEPOMER 3764, ss SPErD 11967,
MEAN Dla. M 2.61 S SPEED 1162, ns2. 1126,
EFF AREA  (IN2)  0.48 HEAD (FT) 45690, 45853, 45391,
usc (ACTUAL)  ©0.428 DIA. (1M) .64 .64 3.64
MAX TIP SPEED 1347, Tir seerp 1702. 1702. 1702.
STAGES 2 VO, RO 1110, 1085, 1064.
GAMMA .42 HEAD COEF 6.507 0.506 0.504
PRESS RATIO (T/T) 1,92 FLOW COEF [N
PRESS RATIO (T/S)  1.98 DIANETER RATIO 0.417
EXIT MACH NMUDER 0.20 BEARING DN 3.00E+04
SPECIFIC SPEED s8.88 SHAFT DIAMETER .00
SPECIFIC DINETER  1.23
SERRZUNERS saren EEAsaRUNERRRIEIRDE
» 02 BOOST TURBIMNE » " 02 BOOST P
SPeNsIERENERUNBERAED
EFFICIDXY (T/T)  o.587 EFICIDCY 0.74¢
EFFICIENCY (T/3)  0.754 HOR SEPOMER 9.
SPEED them) 9026, SPEED  (mPM) 9024
MEAN D1A (N s.e3 S SPEED 3026.
EFF AREA  (IN2)  S.<8 HEAD tFT) 2¢2.
use (ACTUAL)  8.553 Dla. 301 3.3¢
MAX TIP SPEED 231, TI# SPEED 152,
STAGES i voL. Fuow «23.
GAA 1.42 HEAD COEF 8480
PRESS RATIO (V/T)  1.01 FLOW COEF 0.200
PRESS RATIO (T/8)  1.01
HORSEPOMER 3.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 93.06
SPECIFIC DIAMETER  ©0.92
ARBRSEmEENERDN SEBEPaDEDEN
" 02 TURBINE = 02 PP »
serssanannesnn sasssannsns
EFFICIENCY (T/T)  9.877 EFFICIDCY 0.7¢0
EFFICIENCY (T/3)  0.826 HOR SEPOMER 760.
SPEED (rer) 52014, SPEED  (RPM) 52014.
HORSEPOMER 740. sS SPEED 20904,
MEAN DIA Ny 2.6) S SPEED 1904,
EFF AREA  (IN2)  0.¢8 MEAD (FT) s,
usc (ACTUAL}  6.536 DlA. (IR 2.58
MAX T1P SPEED 6. TIP SPEED sa7.
STAGES 2 voL. FLoM «20.
CAMA 1.42 MEAD COEF 0.431
PRESS RATIO (T/T)  }.12 FLON COEF s.158
PRESS RATIO (T/S)  1.13 DIAMETER RATIO 0.634
EXIT MACH NUSER 0.09 BEARING DN 1.66€-06
SPECIFIC SPEED 76.56 SHAFT DIAMETER 28.00
SPECIFIC DINETER  1.08
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TABLE 13. — FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 16402.6
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOW RATE 104.18
DEL. VAC, ISP 480.0
THROAT AREA 17.41
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 148.9%0
ENGINE MIXTURE RATIO .00
ETA C» 0.993
CHAMBER CODOLANT DP 355.
CHAMBER COOLANT DY 383.
NOZZLE/CHAMBER Q 21899.

ENGINE STATION CONDITIONS

AEAAEEANNNANESRNNNERNARSARANARIORN

» FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 14.91 -107.5 %.37
B.P. EXIT 100.2 38.5 164.91 -103.0 6.3%
PUMP INLET 100.2 38.5% 14.91 -103.0 4.39
1ST STAGE EX1T 1308.4 S1.6 14.9 -37.% 6.53
2ND STAGE EXIT 2547.4 4.4 14.91 27.% 4.65
PUMP EXIT 1813.5 76.7 14.91 .1 4.73
CDOLANT INLET 3775.¢ 7.1 14.91 3.1 «. 71
COOLANT EXIT 3420.6 459.9 14.9%1 1561.6 1.20

TBY INLET 3386.4 460.0 0.75 1561.6 1.19

TBV EXIT 1570.3 467.3 0.7% 1561.6 0.59%
02 TRB INLET 3386.4 460.0 14.17 1561 .6 1.19
02 TRB EXIT 3016.7 469.7 14.17 1516 .4 1.10
H2 TRB INLET 3016.7 449.7 14.17 1516.4 1.10
H2 TRB EXIT 1706.6 400.3 16.17 1309.9 0.74
H2 TRB DIFFUSER 1659%.7 400.4 14.17 1309.9 6.72
H2 BST TRB IN 1643.1 400.4 14.17 1309.9 0.72
H2 BST TRB OUT 1620.3 399.3 14.17 1305.2 0.71
H2 BST TRB DIFF 1607.6 399.3 16.17 1305.2 0.70
02 BST TRB IN 1591.3 399.4 16.17 1305.2 0.70
02 BST TRB OUT 1579.8 398.7 14.17 1302.¢ 0.69
02 BST TRB DIFF 1578.2 398.7 14.17 1302.6 0.6%

H2 TANK PRESS i18.6 405.3 0.0296 1315.5 0.0087
GOX HEAT EXCH IN 1570.3 «02.1 14.88 131%.5 0.68
GOX HEAT EXCH OUT 1562.5 401.8 14.88 1314.2 0.68
FSOV ITNLET 1562.5 401.8 14.88 1316.2 0.68
Fsov EXIT 1523.4 401.9 14.88 1314.2 D.66
CHAMBER INJ 1508.2 401.9 14.88 1314.2 0.66
CHAMBER 1402.6

» OXYGEN SYSTEM CONDITIONS #

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.P. ITNLET 16.0 162.7 89.4 1.1 71.17
B.P. EXIT 135.6 163.2 89.4 1.5 71.20
PUMP INLET 135.6 163.2 8.6 61.5 71.20
PUMP EXIT 2271.6 172.6 89.4 68.6 71.71

02 TANK PRESS 16.0 400.0 0.151 204.7 0.12
OCV INLET 2248.8 172.7 89.3 8.6 71.67
ocv EXIT 1576.2 175.3 89.3 8.6 70.62
CHAMBER INJ 1558.4 175.3 89.3 8.6 70.60
CHAMBER 1402.6

s VALVE DATA »

VALVE DELTA P AREA FLON X BYPASS
TBV 1816. 0.03 0.75 5.00
Fsav 39. 6.22 14.88
ocv 675. 0.61 89.29

» INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 106. 2.68 14.88 1131.21
LOX 156. 1.27 89.29 135.469
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TUBE CHAMBER) (CONTINUED)

" TURBOMACHINERY PERFORMANCE DATA »

* H2 BOOST TURBINE =

EFFICIENCY (T/T) 0.861
EFFICIENCY (T/S) 0.429
SPEED (RPM) 29123,
MEAN DIA CIN) 2.04
EFF AREA C(IN2) 5.09
usc {(ACTUAL ) 0.533
MAX TIP SPEED 367.
STAGES 1
GAMMA 1.6}

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.02
HORSEPDWER "5
EXIT MACH NUMBER g.11
SPECIFIC SPEED 150.00
SPECIF1C DIAMETER 0.54

" H2 TURBINE ®

RN REARBANNR

EFFICIENCY (T/T) 0.889
EFFICIENCY (T1/35) 0.838
SPEED (RPM) 100000.
HORSEPOWER 4139,
HEAN DIA. (IN) 2.83
EFF AREA (IN2) 0.71
usc (ACTUAL ) 0.544
Max TIP SPEED 1383.
STAGES 2
GAMMA 1.41

PRESS PATIO (T/T) 1.27
PRESS RATIO (T/S) 1.83
EXIT MACH NUMBER 0.21
SPECIFIC SPEED 73.38
SPECIFIC DIAMETER 1.12

s 02 BOOST TURBINE »

EFFICIENCY (T/T) 0.8
EFFICIENCY (T/3) 0.762
SPEED (RPM) 7817.
MEAN DIa {IN) 5.81
EFF AREA [IR2) 7.23
usc (ACTLAL ) 0.553
MAX TIP SPEED 230,
STAGES 1
GAMMA 1.41

PRESS RATIO (T/T) l.01
PRESS RATIO (7/S) .01
HORSEPOMER 51.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 93.04
SPECIFIC DIAMETER 0.9%2

* 02 TURBINE »

EFFICIENCY (T/T) o.87
EFFICIENCY (T/S) 0.822
SPEED {RPH)  €354}).
HORSEPOWER s07r.
MEAN DIA 84} 2.83
EFF AREA (IN2) 1.00
u/c {ACTuUAL ) 0.506
KAX TIP SPEED 617,
STAGES 2
GAMMA 1.41

PRESS RATIO (T/T) 1.12
PRESS RATIO (T/5) 1.13
EXIT MACH NUMBER 0.10
SPECIFIC SPEED 77.88
SPECIFIC DIAMETER 0.9y

PR ARNR PSRN R B AN AR N AR,

®* H2 BOOST PUMP a

EFFICIENCY 0.766
HORSEPONER 9"5.
SPEED (RPM) 29123,
S SPEED 3051.
HEAD (FT) 2682.
DIa. (IN) 3.44
T1P SPEED 438,
VOL. FLOW 152%.
HEAD COEF 0.450
FLOW COEF 0.201

® H2 PUMP

STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 0.764 0.763
HORSEPGWER 1375, 80.
SPEED (RPM) 100000. 100000.
SS SPEED 12880.
S SPEED 1391, 1372.
HEAD  (FT) 38744. 38828.
Bla.  (IN) 3.68 3.68
11P SPEED 1609. 1609.
VOL. FLOW 1476. 1641.
HEAD COEF 0.481 0.483
FLOW COEF 0.133
DIAMETER RATIO 0.472
BEARING DN 3.00E+06
SHAFT DIAMETER 30.00
ERNNNANER RN RN
* 02 BUOST PUMP =
LA TR I FTYYNT Y}
EFFICIENCY 0.764
HORSEPOWER s51.
SPEED  (RPM) 7817,
S SPEED 3026.
HEAD (FT) 262,
D1A. (IN) 3.85
TIP SPEED 132.
VOL. FLOW S64.
HEAD COEF 0.450
FLOW COEF 0.200
T T
» 02 PUMP n
LELEYES YY)
EFFICIENCY 0.769
HORSEPOHER %07.
SPEED  (RPM) 43561,
SS SPEED 20215.
S SPEED 1945,
HEAD (FT) <287,
DIA. (IN) 2.9
TIP SPEED 566.
VOL. FLOW 560.
HEAD COEF 0.43¢6
FLOW COEF 0.160
DIAMETER RATIO 0.686
BEARING DN 1.31E+06
SHAFT DIAMETER 30.00
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1359,
3887S.
3.69
1609.
1418,
0.483

TABLE 13. — FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER



TABLE 14. — SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGIME PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1329.9%
VAL ENGINE THRUST 7500.
TOTAL ENGINE FLOM RATE 15.63
DEL. VAC. ISP 47%.9
THROAT AREA 2.75
MOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 59.21
ENGINE MIXTURE RATIO 6.00
ETa C= 0.993
CHAMBER COOLANT DP 1300.
CHAMBER COOLANT DT 1071.
NOZZLE/CHAMBER Q 4397.

ENGIHE STATION CONDITIONS

AREERENRIANNNANNNASEEREANRRERARNE

» FUEL SYSTEM CONDITIONS *

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 18.% 37.4 2.23 -107.% 4.37
B.P. EXIT 100.3 38.5 2.23 -103.0 4.3
PUMNP INLET 100.3 38.5 2.23 -103.0 6.3
1ST STAGE EXIT 1787.3 66.4 2.23 13.7 4.30
JBV INLET 1760.5 66.6 1.12 13.% 4.28
JBV EXIT 1694.4 68.6 1.12 13.9 4.0
2ND STAGE EXIT 3473.0 104.6 1.12 164.0 4.05
PUMP EXIT 4981.0 137.3 1.12 298 .4 3.98
COOLANT TMLET %931.2 137.7 1.12 298.4 3.96
COOLANT EXIT 3631.6 1208.7 1.12 4234.7 0.53
TBY INLET 3595.2 1209.0 0.06 4234.7 0.52
TBV EXIT 1567.0 1223.8 .08 4234.7 0.23
02 TRB INLET 3595.2 1209.0 1.06 4234.7 8.52
02 TRB EXIT 3240.7 1184.9% 1.06 41406 0.48
H2 TRB IMLET 3240.7 1184.9 1.06 41640.6 0.48
H2 TRB EXIT 1657.5 1060.3 1.06 3595.0 0.29
H2 TRB DIFFUSER 1641.7 1040.4 1.06 3595.0 0.28
H2 BST TRB IN 1625.3 1040.6 1.06 3595.0 0.28
H2 BST TRB DUT 1606.3 1038.0 1.06 3585.5 0.28
2 BST TRB DIFF 160) .4 1038.0 1.06 3585.5 0.28
02 BST TRB IN 1585.4 1038.1} 1.06 3585.5 0.28
02 BST TRB OUT 1575.6 1036.7 1.06 3580.4¢ 0.27
02 BST TRB DIFF 157¢.8 1036.7 1.06 3580.4 0.27
H2 TANK PRESS 18.4 1057.3 0.0017 3613.1 0.0033
GOX HMEAT EXCH IN 1567.0 1066.1 1.12 3613.1 0.27
GOX HEAT EXCH OUT 1559.1 1045.4 1.12 5610.3 0.27
MIXER HOY IN 155%.1 1045.4 1.12 3610.3 0.27
MIXER COLD INW 16496.4 68.6 1.12 13.9 %.09
MIXER OUT 168).2 535.9 2.238 1810.7 0.49
FSOV INLET 1481.2 535.9 2.23 1810.7 0.69
FSOvV EXIT 16461 536.1 2.23 1810.7 0.48
CHAMBER INJ 142%.7 536.2 2.23 1810.7 0.67
CHAMBER 1329.9

» OXYGEN SYSTEM CONDITIONS @

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 13.4 61.1 71.17
B.P. EX1T 135.6 163.2 15.6 61.5 71.20
PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 2153.8 173.7 13.4 68.9 71.42

02 TANK PRESS 16.0 400.0 0.023 204.7 .12
ocv INLET 2132.3 173.8 13.4 68.9 71.39
ocv EXIT 1492.6 176.2 15.6 68.9 70.38
CHAMBER INJ 1662.9% 176.3 13.6 68.9 70.346
CHAMBER 1329.9

= VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
JBv 266. 0.05 1.12 50.00
BV 2028. 0.00 0.06 5.00
FSov 37. 0.77 2.23
ocv 660, 0.09 13.39

» INJECTOR DATA #

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 100. 0.53 2.23 1288.81
LOX 148. 0.21 13.39 132.35
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TABLE 14.

SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACHIMERY PERFORMWMCE DATA o

® HZ BOOST TURBINE »

EFFICIENCY {T/T) 8.78%
EFFICIENCY (1/3) 9.584
SPEED (RPM) 73254,
MEMN D1A an) 1.16
EFF AREA [91.-3) 0.6
u/c (ACTUAL ) 8.553
MAX TIP SPEED 484,
STAGES 1
Carma 1.3

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.02
HORSEPOWER 14,
EXIT MACH NMUMBER 0.07
SPECIFIC SPEED 128.8¢
SPECIFIC DIAMETER e.t8

EFFICIENCY (T/T) 8.763
EFFICIENCY (T/S) 8.758
SPEED (RPH)} J@75008.
HORSEPOWER 819,

MEAN DIA. (IN) 2.3

EFF AREA (s2) s.00
uwce (ACTUAL) 0.523
MAX TIP SPEED 2000.
STACES 2
GAra 1.58
PRESS RATIO (T/7) 1.%
PRESS RATIO (T/S) 1.%
EXIT MACH WUMBER 0.)2
SPECIFIC SPEED 8.2}
SPECIFIC DIAMETER 2.51

" 02 BOOST TURDINE »

EFFICIENCY (T/T) 0.911
EFFICIENCY (T/S) e.739
SPEED {RPN) 20182.
MEAN DIA CIN) 3.19
EFF AREA () 6.9
usc (ACTUAL ) 8.4953
RAX TIP SPEED 307,
STAGES 1
GArsA 1.58

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.0}

HORSEPOMER s.
EXIT MACH NUMBER o.03
SPECIFIC SPEED é1.6¢6

SPECIFIC DIAMETER 1.29

* 02 TURBIMNE »

EFFICIENMCY (T/T) .72
EFFICIENCY (T/S) 0.743
SPEED {RPH) 112615,
HORSEP OWER 141,
MEAM DIA (N 2.36
EFF AREA (IN2) 0.12
usc {ACTUAL) 8.53%
MAX TIP SPEED h201.
STAGES 1
GArA 1.

PRESS RATIO (T/T) .11
PRESS RATIO (T/$) 1.1
EXIT MACH NUMBER s.07
SPECIFIC SPEED 29.14
SPECIFIC DIAMETER 2.5)

® H2 BOOST PUMP o

EFFICIEMCY
HORSEPOMER
SPEED (RPH)
$ SPEED

HEAD tFT)
DIA, (8.2
Tir SPEED
VOL. FLOM
MEAD COEF
FLOM COEF

D.7¢s
16,
75254,
3081,
2483,
1.33
438,
228.
0.450
0.201

asusssasmms
P2 P
Passrensnen

STAGE OME STAGE TWO STAGE TMREE

EFFICIENCY 0617
MHORSEP OER 369.
SPEED (RPM) 187500.
33 SPEED 9345,
3 SPEED 8s
MHEAD (FT) 56132,
DIa.  C(Im) 2.28
TP SPEED 1864,
oL, FLOM 233.
HEAD COEF 8.520
LGN CoBF 0.0%
DINETER RATIO .324
BEAR IMG T0¢ 3.00€+0¢
SHAFT DINMETER 16.00

0.49%9 0.517
238, 212.
187500. 187500,
$56. 593,
58312, 54056,
2.39 2.39
1959, 1959,
124, L2¢.
0.489 0.453

* 02 POOST PP »

0.¢50
0.200

@2 POP

EFFICIEMCY
HORSEPCMER
SPEED (RPM)
SS SPEED

S SPEED

HEAD (FT3
DlA. (IN)
TIr SPEED

VoL, FLOM
HEAD COEF
FLOM COEF
DIAETER RATIO
BEARING DN
SHAFT DIAMETER

0.703
161,
112615,
20241,
2030,
4068 .
1.1%
565.
8.
0.410
0.143
0.68¢6
1.58E+06
14.00



TABLE 15. — SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGIHE PERFORMANCE PARAMETERS

ANESRERAEENERNARA NS REENR RN RAN NS RENAD

CHAMBER PRESSURE 1610.6
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. ISP 480.0
THROAT AREA 4.55
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 76.15
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 662.
CHAMBER COOLANT DY 1121.
NO2ZLE/CHAMBER Q 9203.

ENGINE STATION CONDITIONS

s FUEL SYSTEM CONDITIORS *»

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. IRET 18.6 37.4 &.47 -107.5 £.37
8.P. EXIT 100.3 38.5 4.67 -103.0 £.39
PUMP IMLET 100.3 38.5 6.47 -103.0 £.39
1ST STAGE EXIT 2164.6 2.6 4.47 “0.2 .29
JBV INLET 2132.2 72.9 2.23 40.2 &.27
JBY EXIT 1812.3 75.2 2.23 0.2 4.0%
2RD STAGE EXIT 3476.6 95.3 2.23 136.0 &£.2%
puMP EXIT 4736.6 116.46 2.2 227.4 4.2
COOLANT INLET %<689.2 116.7 2.23 227.6 &.24
COOLANT EXI1T ©<087.5 1237.4 2.23 4347.3 8.57
TBY INMET 6046.6 1237.7 ¢.11 6367.3 .57
TBY EXIT 1898.0 1253.4 .11 4347.3 0.27
02 TRB IMLET %066.6 1237.7 2.12 4347.3 0.57
02 TRB EXIT 3594.2 1209.6 2.12 «236.6 0.52
H2 TRB INLET 35964.2 1209.6 2.12 4236.6 0.52
HZ TRB EXIT 2006.5 1078.8 2.12 3737.% 6.33
H2 TRB DIFFUSER 1985.2 1078.9 2.12 3737.9 0.33
H2 BST TRB IMN 1965 .4 1078.9 2.12 3737.% 0.33
H2 BST TRB OUT 1943.9 1076.% 2.12 3728.4 0.32
H2 BST TRE DIFF 1938.9% 1076.5 2.12 3728.4 0.32
02 BST TRB iN 1919.5 1076.7 2.12 3728.4 0.32
02 BST TRB OUT 1908.3 1075.3 2.12 3723.2 0.32
g2 BST TRB DIFF 1907.6 1075.3 2.12 3723.2 0.32
M2 TANK PRESS 18.6 1097.9 0.0033 37%6.4 6.0032
GOX HEAT EXCH IN 1898.0 1086.3 2.23 3754 .4 e.32
GOX HEAT EXCH OUT 1888.S 1083.6 2.23 3751.7 0.31
MIXER HOT IN 1888.5 1083.6 2.23 3751.7 0.31
MIXER COLD IN i812.3 75.2 2.23 «0.2 «.05
MIXER OUT 1796.1 557.6 4.66 18%6.6 0.56
FSov INLET 179%.1 557.6 4.46 1896. 6 0.56
FSOV EXIT 1749.3 557.8 .46 189%4.¢ 0.5%
CMAMBER INJ 1731.6 558.0 4.46 1894. 6 0.5%
CHAMBER 1610.6

= OXYGEN SYSTEM COMDITIONS =

STATION PRESS TEW FLOW ENTHALPY DEMSITY
B.P. INLET 16.0 162.7 26.8 61.1 7117
B.P. EXIT 135.6 163.2 26.8 61.5 71.20
PUMP INLET 135.6 163.2 26.8 $1.5 71.20
PUMP EXIT 2608.5 175.2 26.8 70.2 71.61

02 TANX PRESS 16.0 400.0 0.045 204.7 0.12
OCY INLET 2582.4 175.3 26.8 70.2 71.57
ocv EXIT 1807.7 178.2 26.8 70.2 70.36
CHAMBER INJ 1771.7 178.4 26.8 70.2 70.30
CHAMBER 1610.6

s VALVE DATA =

VALVE DELYA P AREA FLOW % BYPASS
JBY z20. 0.09 2.23 50.00
TBY 2149, 0.01 0.11 5.00
FSOV &S, 1.30 4. 46
ocyY 775, 0.17 26.79

» INJECTOR DATA ®

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL [ 0.90 &.46 1327.76
LOX 179. 0.38 26.79 145.68



TABLE 15.

TUBE CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA &

® H2 BOOST TURBIME o

EFFICIENCY  (T/T) 0.818
EFFICIENCY (71/3) 0.622

SPEED C(RPM) S323%8.
MEAN DIA (IN) 1.64
OF AREA tiN2) 1.18
wt (ACTUAL) 8.553
mAX TIP SPEED 476,
STAGES 1
GAMMA 1.4

PRESS RATIO (T/7) 1.8
PRESS RATIO [T/S) 1.01

HORSEP OHER 8.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 117.14

SPECIFIC DIAMETER .7

-
» M2 TURBINE »

EFFICIENCY (T/T) 0.779
EFFICIENCY  (T/S) 0.743

SPEED {RPM) 136343,
HOR SEPOWER 1497,
MEAN DIaA. (843 3.2¢
EFF AREA ) .15
usc (ACTUAL ) D.548
MAX TIP SPEED 2800.
STAGES 2
G 1.40

PRESS RATIO (T/T) 1.7y
PRESS RATIO (T/3) 1.82
EXIT MACH NUMBER .12
SPECIFIC SPEED 29.04
SPECIFIC DIAMETER 2.5?7

" 02 BOOST TURBIME ®»

EFFICIENCY (T/T)  0.827
EFFICIENCY (T/S) e.75%

SPEED (RPRY 16271,
MEAN DIA an .58
EFF AREA () 1.84
wt (ACTUAL ) 0.553
MAX TIP SPEED 308.
STAGES 1
GAMA 1.40

PRESS RATIO (T/T) ..
PRESS RATIO (T/35) 1.01

HORSEPOMER 18.
EXIT MACH NUMBER ».02
SPECIFIC SPEED 58.2¢9
SPECIFIC DIAMETER 1.5

. 02 TURBINE »

EFFICIENCY (T/T) 0.779
EFFICIENCY (T/S) 8.73%

SPEED (RPM) 85773,
HORSEPOHER i32.
MEAN DIA (I 3.3
EFF AREA (IN2) .29
we (ACTUAL ) 0.518
MAX TIP SPEED 1287.
STAGES 1
GAMMA 1.40

PRESS RATID (T/T) 1.13
PRESS RATIO (T/$) 1.13
EXIF MACH NUMBER $.07
SPECITIC SPEED 26.93
SPECIFIC DIAMETER 2.64

* K2 DOOST PUP &

EFFICIEMCY 0.74¢
HORSEPOMER ..
SPEED {RPH) 53238,
S SPEED 3050,
HEAD (FT) 2685 .
DIa. {IN} 1.0
TIP SPEED 38,
YOL. FLON 7.
HEAD COEF 0.450
FLOM COEF o.201

SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

STAGE ONE STAGE TMO STAGE THREE
a .

EFFICIENCY 0.417
HOR SEPOWER 205,
SPEED (RPN) 136363, 136363.
S3 SPEED 2605.
S SPEED 694, 686,
HEAD (FT) 68810, 46229,
DIlA. (IN) 3.3y 2.82
TIP SPEED 2020. 1677.
YOL. FLOM 467, 236.
HEAD CODEF 0.542 0.50¢
FLOW COEF .08
DIAMETER RATIO 0.304
BEARING DN 3.00E+D¢

SWFT DIAETER 22.00

* 02 POOST PUP »

EFFICIDEY 0.764
HORSEPOMER 15,
SPEED (RPM) 14271,
S SPEED 3026.
HEAD trFY) 242,
Dla. [§ L} 2.1
TIP SPEED 132,
VL. FLOW 169,
HEAD COEF 0.450
LW COEF 0.200

«2 PP
EFFICIDCY e.730
HOR SEP OMER 332,
SPEED IRPM) 8528,
55 SPEED 21801,
S SPEXD 1879,
HEAD FT) €971,
Dla. [S 1 B 1.8
TIP SPEFD ‘7.
VOL. FLOM les.
HEAD COEF 0.420
FLOM COEF 0.157
DIAMETER RATIO 0.683
BEARING DN 1.37€+06
SHAFT DIAMETER l16.00

136363,

705.
42620,
2.82
1677,
238.
0.488



TABLE 16. — SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1712.8
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE 52.08
DEL. VAC. ISP 480.0
THROAT AREA 7.146
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 95.3%
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 616.
CHAMBER COOLANT DT 1010.
NOZZLE/CHAMBER Q 13870.

ENGINE STATION CONDITIDNS

ENANANAEANERR SRR RAR AR REN N

# FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENRSITY
B.P. INLET 18.6 37.4 7.645 -107.% 4.37
B.P. EX1T i01.2 38.5 7.45 -103.0 4.39
PUMP TNLEY 101.2 38.5 7.45 